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Chapter 1
Introduction
Polymorphism or the presence of ‘multiple forms’ is the ability of a compound
to exist in more than one crystal structure.1 Polymorphic forms of the same
compound can have diﬀerent physical properties, such as colour, melting point,
solubility and dissolution rate. Many materials we encounter in our daily lives
are polymorphic; a few well-known examples are chocolate, ice, paracetamol,
ibuprofen and diamond. However, polymorphism is present in many more ma-
terials with applications in pharmaceutics, food, agrochemicals, dyes, pigments
and explosives.
The relative stability of polymorphic forms depends on their Gibbs free en-
ergy, which can vary with temperature and pressure. When a polymorphic form
of a compound is not the stable form at a certain temperature and pressure, it
is either unstable or metastable and it can transform to the stable form, pos-
sibly via other metastable forms. This process is called a polymorphic phase
transition, and can occur in solution or via the vapour phase, but also in the
solid state.
An example of such a compound with solid-state phase transitions is choco-
late, which has six known polymorphic forms; forms I to VI of cocoa butter
are numbered according to increasing melting point.2 Forms I to IV crystallise
when molten chocolate is cooled quickly or below room temperature. Form V is
the desired form of chocolate that is commercially available and has the unique
mouth-feel, glossy appearance, texture and hardness. The so-called tempering
process of chocolate is aimed at obtaining form V exclusively by following a spe-
ciﬁc temperature proﬁle starting from the melt and seeding it with the desired
polymorphic form V. However, form VI is the stable form at room temperature
and thus form V transforms to form VI when it is stored for several months or
at elevated temperature through a solid-state phase transition. Unfortunately,
form VI is not so pleasant to eat since the melting point is higher, it is brittle
and has a white appearance, see Figure 1.1.
Whether a phase transition actually occurs, depends not only on the energy
diﬀerence, but also on the energy barrier between the two polymorphic forms.
3
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Figure 1.1: Chocolate in the metastable form V (top), which is the desired poly-
morph for consumption, and the stable form VI (bottom), which is not so pleasant
to eat. Reprinted from Ref 2.
If two forms have a very diﬀerent structure and several bonds have to be broken
to achieve the phase transition, this energy barrier can be too high to overcome.
This is for example the case in diamond, which is a metastable form of carbon,
while graphite is the stable form, see Figure 1.2. At standard temperature
and pressure, the energy barrier for transformation of diamond to graphite
is extremely high, such that diamond does not spontaneously transform to
graphite. Generally, a polymorphic phase transition occurs more easily in a
solution-mediated fashion than in the solid state, since the compound can ﬁrst
dissolve and then recrystallise in solution, which increases the transition rate
by enhanced mobility.
The understanding and control of polymorphism and phase transitions is
very important in the pharmaceutical industry, since many pharmaceuticals
exhibit polymorphism and the bioavailability often depends on the adminis-
tered polymorphic form. The extraordinary case of the anti-retroviral protease
inhibitor drug ritonavir in 1998 illustrates this importance of control.3,4 When
the drug ritonavir (‘Norvir’) was ﬁrst commercialised in 1996 as a treatment
for HIV infection, only one polymorphic form was known, form I. However,
in 1998 several capsules failed the dissolution test and it was found that an-
other polymorphic form had been produced, form II, which had a much lower
solubility than form I and was more stable. Although the drug was in a liq-
uid formulation, this still posed a problem. The soft gel capsule contained an
ethanol/water solution with a concentration below the solubility of form I, but
the solution was supersaturated with respect to form II. An in-depth study
revealed that form II probably originated from heterogeneous nucleation on
4
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Figure 1.2: Diamond (left) and graphite (right) crystals and crystal structures.
a structurally similar degradation product during production.3 Once seeds of
form II were formed, form I became a ‘disappearing polymorph’. As a result,
the liquid capsule formulation was withdrawn from the market. The drug had
to be reformulated into tablets and refrigerated gelcaps to prevent crystallisa-
tion of form II. In a later high throughput screening, three additional forms
have been found; a metastable polymorphic form, a hydrate and a formamide
solvate.5
As in the case of ritonavir, the solubility and often also the dissolution rate
of the stable polymorph is lower than that of the metastable forms.1 There-
fore, pharmaceuticals are still in some cases administered in a metastable form,
although this poses a risk in the manufacturing process. Pharmaceutical com-
panies try to avoid this for newly developed drugs. Because phase transitions
to a (meta)stable phase cannot be ruled out, if possible, it always remains
preferred to apply the stable form, but other issues during manufacturing or
storage can also inﬂuence this choice.
Solid-state phase transitions in molecular crystals are not only a risk that
needs to be mitigated, but can also be exploited for sensing or energy storage
applications by acting as ‘molecular machines’ or ‘molecular motors’.6,7
Molecular machines are molecules that convert external stimuli into macro-
scopic movement through concerted molecular motion,8 and have generated
a signiﬁcant interest in the last decades, especially since the Nobel price for
Chemistry was awarded to this research in 2016. The challenge in molecular
motors is to translate the nanometer-scale motions into a detectable signal.
Molecular motions in a single-crystal due to external stimuli, for example
5
519853-L-bw-Smets
Processed on: 27-6-2018 PDF page: 14
during a solid-state phase transition, can be ampliﬁed to micro- or even
millimeter-scale movement through a cooperative response.6
This thesis focusses on the understanding of the mechanism of solid-state phase
transitions in molecular crystals. As compared to solution-mediated phase tran-
sitions, solid-state phase transitions generally have a much higher energy bar-
rier, in particular in molecular crystals, due to the limited mobility of molecules
in the solid state. However, the results in this thesis show that molecular crys-
tals with a strong anisotropy in the molecular interactions that results in layered
crystals, are likely to show reversible single-crystal-to-single-crystal solid-state
phase transitions with energy barriers below or in the order of the thermal
energy.
Most of the work in this thesis is on aliphatic linear chain amino acids.
Amino acids are also known as the “building blocks of life”. These particular
amino acids have a hydrophobic part and a hydrophilic part, which is also fre-
quently occurring in active pharmaceutical ingredients (APIs). Moreover, this
family of amino acids mostly crystallises in 2D hydrogen-bonded bilayers and
is polymorphic with reversible single-crystal-to-single crystal phase transitions.
The solid-state phase transitions of several aliphatic linear chain amino acid
racemates and quasiracemates have been described in detail in Chapters 3–8.
Chapter 9 of this thesis describes the phase transition mechanisms of pyraz-
inamide, which is an API against tuberculosis that shows increased stability
of the high temperature form by co-spray drying with the excipient (additive)
dimethylurea. The thesis concludes with a reviewing chapter, Chapter 10, in
which the phase transitions in a wider family of racemates and quasiracemates
of aliphatic linear chain amino acids are compared. The results are used to
sharpen, as well as put into perspective, the discussion on the classiﬁcation
of solid-state phase transitions. Cooperative motion is shown to be compati-
ble with nucleation-and-growth theory for the mechanism of solid-state phase
transition in molecular crystals.
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Chapter 2
Polymorphism and phase transitions
This chapter aims to explain some theory and concepts related to polymor-
phism and solid-state phase transitions, since this is the main topic of this
thesis. First, the thermodynamics of polymorphic systems is described, in or-
der to understand the stability relation between the polymorphic forms of the
compounds described in this thesis. Furthermore, the inﬂuence of additives
on polymorph control is explained, which is mainly relevant for Chapter 9.
The quasiracemates of amino acids are essentially co-crystals, therefore some
theory on co-crystals is included here. Finally, a literature overview of the clas-
siﬁcations and mechanisms of solid-state phase transitions is given, as a general
framework for the thesis. The emphasis is on the nucleation-and-growth theory
of Mnyukh9 and cooperative motion in thermosalient crystals, which will be
discussed throughout the thesis, and put into perspective in Chapter 10.
2.1 Polymorphism
As already stated before, polymorphism is the ability of a compound to exist
in more than one crystal structure.1 This excludes amorphous forms, solvates,
salts and co-crystals of a compound, since they are generally not considered
as polymorphic forms of the unsolvated or pure form. In molecular crystals,
polymorphism can entail a diﬀerence in the packing of the molecules and/or
conformation. When the crystal structure diﬀerence is only present in the
packing, while the conformation of the molecule remains the same, it is called
packing polymorphism, of which the pharmaceutical compound pyrazinamide is
an example in this work. The conformation or shape of a molecule is described
by the torsion angles, and a conformer is a speciﬁc conformation of a molecule
that corresponds to a potential energy minimum. If the diﬀerence in confor-
mation requires a conformational change, i.e. overcoming the energy barrier to
another conformer, we speak of conformational polymorphism.10 Many of the
amino acids described in this work exhibit conformational polymorphism.
The relative thermodynamic stability of polymorphic forms of a compound
7
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depends on the Gibbs free energy as a function of temperature (T ) and pressure
(p). A metastable state corresponds to a local minimum in the Gibbs free
energy and is resistant to small ﬂuctuations. The mutual stability relations
and possible phase transitions at a constant pressure can be displayed in an
energy-temperature phase diagram that shows the Gibbs free energy versus
temperature for diﬀerent phases of a compound.1 The Gibbs free energy (G)
consists of an enthalpy (H) and entropy (S) contribution; for a phase transition
at constant temperature the change in G is given by
ΔG = ΔH − TΔS . (2.1)
During the isothermal process of a phase transition, the diﬀerence in enthalpy
between two forms ΔtrsH – the latent heat or transition enthalpy – is ab-
sorbed or released, and the value can be determined by diﬀerential scanning
calorimetry (DSC).
The energy-temperature diagrams of a monotropic and enantiotropic system
are shown in Figures 2.1a and 2.1b, respectively. In a monotropic system the
free energy curves of the polymorphic forms (GA and GB) do not cross at a
temperature below the two melting points (Tf,A and Tf,B). In this case, the
metastable form can undergo an ‘irreversible’ solid-solid phase transition to the
stable form. This can be reversed by e.g. dissolution or melting and subsequent
recrystallisation, but not purely in the solid phase.
In an enantiotropic system the free energy curves of the polymorphic forms
cross at a speciﬁc temperature, the thermodynamic transition temperature Ttrs
(Tp in Figure 2.1b), which is below the melting point of the lower melting form.
In that case, the two phases can undergo a reversible solid-state phase transition
and the corresponding Gibbs free energy diﬀerence equals zero (ΔtrsG(Ttrs) =
0). For ﬁrst-order phase transitions, a certain amount of overheating or -
cooling is necessary to observe the phase transition. The temperature diﬀerence
between the observed transition temperatures during cooling (T1) and heating
(T2) is the hysteresis. At low temperatures, the crystal structure with the most
compact packing is often the stable form, since the enthalpy term dominates the
Gibbs free energy. On the other hand, at high temperatures the entropy term
becomes more important and then crystal structures with more conformational
freedom are often the stable form.
At a ﬁrst-order transition point (Ttrs), the following holds;
ΔtrsH = ΔtrsG + TtrsΔtrsS = 0 + TtrsΔtrsS , (2.2)
where ΔtrsH is the enthalpy of transition, ΔtrsG is the Gibbs free energy
of transition, T is the temperature in Kelvin (K), ΔtrsS is the entropy of
transition. Since Ttrs > 0, ΔtrsH must have the same sign as ΔtrsS, and
ΔtrsS > 0 for an enantiotropic phase transition upon heating – otherwise the
Gibbs free energy curves would not cross, which implies an endothermic tran-
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(a) Monotropic system (b) Enantiotropic system
Figure 2.1: Energy-temperature diagrams for systems with two polymorphic forms
A and B. (a) A monotropic system where polymorph A is more stable at all temper-
atures below the melting point, a solid-state phase transition is only possible from
polymorph B to A at any transition temperature T1 < Tf,B . (b) An enantiotropic
system with a thermodynamic transition point Ttrs or Tp and experimental transition
temperatures T1 and T2, where polymorph A is more stable below, and polymorph
B above the transition point, respectively. Reprinted from Ref 11.
sition (ΔtrsH > 0) upon heating. The transition enthalpy at any T ′ can be
calculated as;
ΔtrsH =
∫ T ′
0
ΔcpdT + ΔH0 . (2.3)
where Δcp is the temperature dependent diﬀerence in heat capacity between
the forms and ΔH0 is the enthalpy diﬀerence at T =0 K. Usually, the diﬀerences
in conformation and the corresponding enthalpy between polymorphic forms
of the same compound are relatively small. Therefore, ΔH0 is dominated
by the diﬀerence in lattice energy. However, in the case of conformational
polymorphism, the conformational enthalpy diﬀerence can become important.
The heat capacity diﬀerence Δcp, if not measured, is often calculated using
the harmonic approximation, assuming that the thermal motion of a crystal
lattice consists of independent harmonic oscillators (normal modes), but this
approximation neglects thermal expansion, since that is an anharmonic eﬀect.
Several ‘rules’ have been derived from these thermodynamic principles by
Burger and Ramberger to determine the relative stability of polymorphic forms
from some simple measurements.11 However, these rules are not always applica-
ble, in some cases there is a discrepancy between the rule and the experimental
stability relation. The stability rules assume that ΔtrsH and ΔtrsS are posi-
tive upon heating, the H(T )|p curves do not intersect and the G(T )|p curves
9
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intersect at most once.11 The heat-of-transition rule states: “If an endother-
mal transition is observed upon heating at some temperature before a melting
point, it may be assumed that there is a transition point below it, i.e. the
two forms are related enantiotropically. If an exothermal transition is observed
at some temperature before a melting point, it may be assumed that there is
no transition point below it, i.e. the two forms are either related monotrop-
ically or the transition temperature is higher.” A few exceptions to this rule
are known, and especially in the case of conformational polymorphism this rule
cannot always be applied, since the assumption that the H(T )|p curves do not
intersect can be invalid.12
The density rule11 states: “If one modiﬁcation of a molecular crystal has
a lower density than the other, it may be assumed to be less stable at abso-
lute zero.” It is again based on the assumption that the zero-point enthalpy
depends mainly on the lattice energy. The minimal potential energy will then
be achieved at the closest packing or highest density. However, in the case
of directed interactions, such as hydrogen bonds, or disordered structures this
rule often does not hold.
Another famous empirical rule that can be applied to polymorphic systems
is Ostwald’s rule of stages: “...that on leaving any state, and passing into a more
stable one, that which is selected is not the most stable one under the existing
conditions, but the nearest”, i.e. the state that can be reached with a minimum
loss of free energy.13 In practice, this rule implies that metastable polymorphs
can be formed prior to the stable form. In some cases the conversion rate to the
thermodynamically stable form is so low that a metastable form can exist for
long times. However, also this rule does not always hold, it is dependent on the
system and supersaturation conditions.1 In many cases, several polymorphic
forms crystallise concomitantly, i.e. at the same time.
2.2 Additives for polymorph control
Additives can be used to control crystallisation, e.g. the morphology, size and
polymorphic form of a crystal.14 Tailor-made additives or structurally related
impurities can inhibit or enhance the nucleation, growth and phase transition
rates of polymorphic forms, see Ref. 15 and references therein. Biomineralisa-
tion is an example of a strongly additive-controlled crystallisation, leading to
a speciﬁc polymorphic form.16
In general, a distinction can be made between insoluble and soluble addi-
tives.16,17 Insoluble additives act as a template for crystallisation of a speciﬁc
polymorphic form. A template induces heterogeneous nucleation and can lead
to preferential crystallisation of a speciﬁc polymorph through epitaxial growth,
see Ref. 16 and references therein. Soluble additives directly inﬂuence the
crystallisation in terms of morphology, size and polymorph control.16 Control
can occur either before crystallisation, during the nucleation phase, or after
10
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crystallisation, during the crystal growth phase. The ability of an additive to
inﬂuence nucleation depends on the interaction with the solute, its disruptive
ability, interfacial properties and the additive-additive interaction. In order to
control these processes, knowledge of the relative eﬀect of additives on each
polymorphic form is important.
Nucleation and crystal growth can be inhibited by additives in the follow-
ing three ways.15,18 The ﬁrst is the creation of defects in prenuclear clusters
by incorporation of the additive, which prevents the growth to a nucleus with
the critical radius by accelerating dissolution, see Figure 2.2. The second is the
preferential attachment of additives to prenuclear clusters of a speciﬁc poly-
morph (or enantiomer), thereby blocking the nucleation of this form. The third
is attachment of additives to the fastest growing face of the stable polymorph,
thereby inhibiting the crystal growth of the stable form due to steric hindrance
and oﬀering the opportunity for metastable forms to crystallise.
Figure 2.2: Schematic drawing of polymorph control by selective incorporation of
an additive during nucleation. Reprinted from Ref 17.
Generally, the morphology of a crystal can be inﬂuenced by face-selective
absorption of additives, reducing the surface energy of these crystal faces.16
Additives with similar functional groups and shape are often incorporated into
a solid solution, which will not change the morphology of the crystal much.
However, additives with similar functional groups to the host molecules but
11
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also sterically diﬀerent functional groups, can block the subsequent attachment
of host molecules.18
Additives have also been reported to inﬂuence the observed phase transi-
tion temperature or rate in solvent-mediated phase transformations.19–21 The
inhibiting eﬀect of certain additives on phase transitions is attributed to either
hindering of nucleation and growth of the stable phase, or a selective increase of
the solubility of the stable polymorph or hydrate by incorporation of additives,
while not aﬀecting the solubility of the metastable polymorph or anhydrate.
Davey et al. showed in their study of L-glutamic acid for the ﬁrst time the pos-
sibility of designing additive molecules by molecular modelling to selectively in-
hibit the crystallisation of the more stable polymorph, based on conformational
recognition.22 The ability of the additive to mimic the conformation of the sta-
ble form strongly improved the stability of the metastable form, increasing the
solvent-mediated phase transition induction time from several minutes to more
than one month. Few studies have been done to investigate the inﬂuence of
excipients on the solid-state phase transitions of molecular crystals.18,23–26 Ad-
ditives have been shown to inhibit or increase the transition rates of several
compounds grown from solutions in the presence of additives. In some cases
incorporation was clearly demonstrated,18,26 while in others no chemical in-
teraction was observed.24 Recently, it was also found that the sublimation of
several molecular APIs is enhanced by the presence of additives.27 The authors
suggested that the mechanism involves the formation of a more volatile adduct
of the API and the additive.
2.3 Co-crystals
Physico-chemical properties of a compound, such as solubility, can not only be
adjusted by using another polymorphic form, but also by the formation of co-
crystals. A co-crystal consists of two or more components that are solids under
ambient conditions.28–30 This deﬁnition has been under debate, but most agree
now that solvates and clathrates (compounds consisting of a lattice that traps
other molecules) are not considered co-crystals, but rather a diﬀerent subset
of multi-component crystals.31,32 Co-crystals are formed through non-covalent
interactions, also called ‘supramolecular synthons’,33 such as hydrogen bonds,
π − π stacking, or van der Waals interactions. Crystal engineering34,35 or “the
understanding of intermolecular interactions in the context of crystal packing
and in the utilisation of such understanding in the design of new solids with
desired physical and chemical properties”,36 is the foundation of the ﬁeld of
co-crystals. In this thesis, the focus will be on phase transitions in co-crystals
of amino acids compared to the pure forms.
The formation of co-crystals is particularly interesting for active pharma-
ceutical ingredients (APIs). Pharmaceutical co-crystals consist of an API and
another component called a co-former.28,37 The solubility and dissolution rate
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in water of most APIs is relatively low, but the formation of a co-crystal can im-
prove these solid state properties, which results in a lower dosage to patients.
A higher solubility and dissolution rate can in some cases also be achieved
by using a metastable polymorphic form of the API, but this introduces chal-
lenges for production and storage. Moreover, typically the ratio of polymorphic
solubility compared to the least soluble polymorphic form is less than two.38
According to a recent study,39 the occurrence of polymorphism in co-crystals is
similar to single-component crystals.40 However, the advantage of a co-crystal
compared to a metastable polymorphic form, is that the thermodynamic sta-
bility is not as much of an issue, because the stable co-crystal can be used if it
has favourable properties. Additionally, the achievable increase in solubility is
usually much higher for a co-crystal than for a diﬀerent polymorphic form.
Another interesting application of co-crystals is in explosives. For example,
Bolton et al.41 combined two explosives in a co-crystal; CL-20 with high power
and high sensitivity, which makes it diﬃcult to handle, and HMX with lower
power and lower sensitivity. The 2:1 CL-20:HMX co-crystal (Figure 2.3) showed
the best of both worlds, an increased detonation velocity compared to pure
HMX and a sensitivity similar to HMX.
Figure 2.3: Crystal structure of the 2:1 CL-20:HMX co-crystal with an enlarged unit
cell showing CL-20 in yellow and HMX in blue as viewed along the (010) direction.
Reprinted from Ref 41.
2.4 Solid-state phase transitions
Solid-state phase transitions or transformations can occur when a polymorphic
form is metastable at a certain temperature and pressure. According to Au-
camp et al. three types of solid-state phase transitions can be distinguished;
solution-interactive transformations (a collective term for all transformations
that are caused or accelerated by the presence of solvent), solid-melt-solid and
solid-solid.42 In this thesis, the vapour-mediated phase transition where the
compound itself evaporates and recrystallises to another polymorphic form is
also discussed, and the term solid-state phase transition is used to describe
solid-solid phase transitions, unless otherwise indicated.
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The study of solid-state phase transitions describes how these phase tran-
sitions occur, or in other words, what the mechanism is behind the process.
By understanding solid-state phase transitions, strategies can be developed
to control the polymorphic form obtained. This is particularly important in
the pharmaceutical industry, but also relevant for the food and agrochemical
industry.
Often, a transition mechanism is solely described by interpolating the initial
and ﬁnal crystal structures. However, the shortest pathway is not necessarily
the energetically most favourable pathway, and therefore it is not accurate for
a description of the transformation mechanism. To achieve a more accurate
description of the molecular movements during a phase transition, computa-
tional methods such as metadynamics or molecular dynamics simulations are
required, and will be described further on.
2.4.1 Classiﬁcation of solid-state phase transitions
Many classiﬁcations of solid-state phase transitions exist, based on either ther-
modynamics, structural considerations of the two phases or observed phenom-
ena. Some of the most commonly used classiﬁcations are discussed here. In a
recent paper by Brandel et al.,43 it is stated that since the classiﬁcations for
phase transitions have been devised for inorganic materials, they fall in short in
describing the phenomena occurring in phase transitions of molecular crystals.
We will come back to molecular crystals in more detail later on.
Thermodynamic classiﬁcation
The ﬁrst thermodynamic classiﬁcation of phase transitions has been described
by Ehrenfest in 1933 and is based on the discontinuity of the derivatives of the
Gibbs free energy.44 A ﬁrst-order phase transition involves a discontinuity in
the ﬁrst derivative, e.g. of the volume or entropy, at a speciﬁc temperature at
which the two phases are in equilibrium on opposite sides of an interface.45 It is
characterised by the latent heat that is absorbed or released, and often involves
a discontinuity in the lattice parameters or unit cell volume. Disorder can
broaden the observed transition temperature range. The mechanism associated
with ﬁrst-order phase transitions is nucleation of the new phase in the original
phase and subsequent growth, in short nucleation-and-growth. For a second-
order phase transition the ﬁrst order derivative of the Gibbs free energy is
continuous, but the second order derivative is discontinuous. Landau46 showed
in 1937 that for a second-order phase transition the phases must be structurally
related, and their space group symmetries must have a group-subgroup relation.
The Landau theory of phase transitions is based on the description of the
Gibbs free energy as a power series in the order parameter. For a second
order phase transition, the order parameter is zero for one phase and non-zero
for the other phase. Since it is also continuous, it can be used to monitor
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the phase transition. Examples are magnetisation for magnetic systems or
electric polarisation for ferroelectric systems. The mechanism of second-order
phase transitions proposed in the early 1960s involves the gradual softening of
a phonon-mode as a function of temperature until its frequency becomes zero
and allows for the concerted motions of atoms to the new phase.47,48
The Ehrenfest classiﬁcation was extended over the following decades to in-
clude ‘logarithmic inﬁnities’, since the so-called lambda transition, which is
found e.g. in superconductors and for which the heat capacity goes to inﬁn-
ity, was found to lie outside the original classiﬁcation.49 This is remarkable,
since the original ‘second-order’ phase transitions of Ehrenfest were based on
the lambda transition. In the more recent and general Fischer classiﬁcation,
phase transitions are distinguished into ﬁrst-order phase transitions and contin-
uous phase transitions of higher order.50 Continuous phase transitions involve
a continuous change in the derivative of the Gibbs free energy, have a group-
subgroup relation and involve no latent heat, no hysteresis nor a discontinuous
change in lattice parameters or unit cell volume.51 A phase transition is of n′th
order if the Gibbs free energy has (n − 1) continuous derivatives, but the n′th
derivative is discontinuous or divergent.50
Structural classiﬁcations
Another method for classiﬁcation of solid-state phase transitions is based on
structural similarities between the two phases involved in the phase transition,
instead of thermodynamics. The ﬁrst structural classiﬁcation of Buerger52
from 1961 is based on the structural modiﬁcations necessary for phase transi-
tions in mineralogy, and distinguishes between reconstructive, displacive and
order-disorder phase transitions.53 This classiﬁcation is also associated with a
mechanistic distinction,54 although this has been disputed by others.9 Recon-
structive or diﬀusional phase transitions involve a major reorganisation of the
crystal structure, with no structural relationship between the two structures.
Generally, the energy barrier of the phase transition is high, due to the nec-
essary breaking of primary (ﬁrst-coordination) bonds and diﬀusion of atoms,
and therefore the phase transition is very slow. These phase transitions can be
kinetically hindered, thereby retaining a metastable form. On the other hand,
displacive phase transitions involve small displacements and/or rotations of the
atoms through the breaking of secondary (second-coordination) bonds, which
does not require the breaking of primary bonds or diﬀusion of atoms. There-
fore, these phase transitions are fast and reversible. Another term sometimes
used for these phase transitions is military, as opposed to the term civilian
for reconstructive phase transitions. The space group symmetries of the two
phases show a group-subgroup relation, and the order parameter measures the
evolution of the low symmetry structure to the high symmetry structure. Twin
domains are formed due to the group-subgroup relation. These transitions are
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often described in literature as weak ﬁrst-order, rather than second-order, when
they involve small enthalpy changes. However, any enthalpy change implies the
phase transition is ﬁrst-order and in that case the most likely mechanism is nu-
cleation and growth. The third category of order-disorder phase transitions
involves diﬀerent chemical occupations of the same crystallographic sites. Al-
though widely used in literature, it seems rather diﬃcult to draw a hard line
between reconstructive and displacive phase transitions.
Martensitic phase transformations
A martensitic transformation in metals, alloys or ceramics is described as a
diﬀusionless displacive phase transition, which occurs very fast – in theory up
to the velocity of sound – via cooperative movements of large numbers of atoms
over small distances at a coherent, glissile interface. Characteristic for marten-
sitic transformations is that the shape change induced by the displacement is
relatively large and dominated by shear, so that strain energy dominates the
kinetics.54,55 The name ‘martensitic’ originates from the phase martensite in
metallurgy, which is a metastable iron-carbon alloy formed by rapid cooling
(quenching) of austenite without diﬀusion of atoms, which leads to a harden-
ing of the steel.55 The kinetics of martensitic transformations can vary between
the diﬀerent types of transformations. Some martensitic transformations are
called ‘athermal’, meaning that no thermal activation is needed for nucleation,
the growth however can be hindered by dislocations and therefore have a ther-
mally activated term. Typically, the amount of transformed phase varies over
a temperature range but does not change with time if the temperature remains
constant. On the other hand, other martensitic transformations are called
‘isothermal’ or ‘anisothermal’ and are thermally activated. The hysteresis can
be very large for these phase transitions.53 According to a review by Roitburd
and Kurdjumov, a martensitic transformation is a ﬁrst-order phase transition
that “proceeds under conditions where the initial phase maintains metasta-
bility”.56 This review explains the theory behind the structural changes and
kinetics of martensitic transformations in great detail, but also acknowledges
that the principle behind it is nucleation-and-growth theory and is to some ex-
tent applicable to all phase transitions. Since the use of the term ‘martensitic
transformation’ appears to raise ambiguity in literature, we will try to avoid
using this term.
Single-crystal-to-single-crystal phase transitions
Single-crystal-to-single-crystal (SCSC) phase transitions fully preserve the crys-
tallinity, thereby often enabling a full crystal structure determination before
and after a phase transition.57 They usually occur in polymorphic systems
were the two phases are structurally related. These phase transitions can also
occur in molecular crystals, but are relatively rare. However, whether a phase
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transition occurs in a SCSC fashion depends on the experimental conditions,
and the criteria for this classiﬁcation are not evident. A topotactic phase tran-
sition involves a 3D structural relationship between the two crystal structures,
while an epitactic phase transition only requires a 2D structural relationship for
the interface. Yet, SCSC phase transitions without these structural relation-
ships have also been found.58 During a solid-state phase transition, mechanical
stress builds up in a crystal, which can result in fragmentation into smaller
‘daughter’ crystals. However, in the case of a topotactic or epitactic phase
transition the stress can be released by a change in size and shape of the crys-
tal without breaking it, which can be useful for molecular machines, see Ref.
59 and references therein.
2.4.2 Mechanisms of solid-state phase transitions
Nucleation-and-growth contact mechanism (Mnyukh)
In the 1970s and subsequent decades, Mnyukh et al. strongly criticised
the existing classiﬁcations of solid-state phase transitions, and stated that
all solid-state phase transitions proceed through a nucleation-and-growth
mechanism and therefore only ﬁrst-order phase transitions exist.9,60–62 Details
of the nucleation-and-growth theory are described further on. According
to Mnyukh,9 many previously termed second-order phase transitions have
been proven over the years to be ﬁrst-order transitions, and no well-proven
second-order phase transition has been found. The terminology used for phase
transitions is wide-spread – over 300 terms were collected by Mnyukh – and
often implies a mechanism deducted from a comparison of the initial and
ﬁnal structures that cannot be proved, such as displacive, reconstructive, or
diﬀusional transformations.
Mnyukh deducted from observations of single crystals using thermal polar-
isation microscopy that the molecular mechanism of phase transitions is based
on nucleation-and-growth. Heterogeneous 3D nucleation takes place at speciﬁc
crystal defects, i.e. conglomerations of vacancies of some optimum size or op-
timum microcavities (OM). The amount of overheating (or -cooling) required
is directly related to the nucleation barrier, which is generally higher for more
perfect crystals with less defects. Hysteresis is therefore not really a property
of the phase transition itself, but varies from crystal to crystal. The growth of
the new phase proceeds edgewise layer-by-layer, similar to step growth in crys-
tal growth theory. A contact mechanism is proposed, in which the interfaces
of the two phases are in contact in a rational orientation of the ﬁnal phase.
Vacancies at the interface allow for space for a 2D nucleus of the new phase,
which grows through a molecule-by-molecule structural rearrangement. Inter-
face propagation has a separate energy barrier, which is usually lower than the
nucleation barrier and dependent on the amount of vacancy aggregation (VA)
defects, which can vary locally in the crystal and from cycle to cycle.
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In summary, the nucleation-and-growth mechanism consists of three steps
that each have an energy barrier; 3D nucleation at an OM to initiate the phase
transition, 2D nucleation at a VA defect to initiate a new layer to propagate
the interface perpendicular to the contact interface, and molecular relocation
at the contact interface. The amount of suitable defects and the driving force
determine the nucleation energy barriers of the ﬁrst two steps. For the last
step the Arrhenius equation can be used to estimate the energy barrier, since
the rate is dependent on the absolute temperature.
A distinction is made between non-oriented crystal growth and oriented
(epitaxial) crystal growth for structures with an orientational relationship. In
the latter case, the interface will be a rational plane in both phases and epi-
taxial growth will take place. According to Mnyukh, only layered crystals can
transform through the epitaxial mechanism via nucleation at ﬂat microcracks
between the layers. According to Mnyukh, martensitic transitions are merely
ﬁrst-order transitions with nucleation and very fast growth, and often have an
orientational relationship between the two forms.
Nucleation-and-growth theory
In order to understand the thermodynamics and kinetics behind the nucleation-
and-growth mechanism for solid-state phase transitions, some theoretical back-
ground is given here. Classical nucleation theory (CNT) describes a.o. the
initial stage of crystal growth. It involves the nucleation of a crystal from
a critical nucleus of a minimal size and subsequent growth to a macroscopic
crystal. This theory can also be applied to the mechanism of ﬁrst-order phase
transitions, as has been advocated by Mnyukh.9
The general expression for the Gibbs free energy ΔG for the formation of
a nucleus of size n comprises a bulk energy term that is proportional to the
volume of the nucleus and a surface term that is proportional to its surface
area,63,64
ΔG = −nΔμ + Aγ (2.4)
with Δμ the chemical potential diﬀerence between the new and old bulk struc-
tures or ‘driving force’, A the surface area, and γ the surface energy per unit of
area of the nucleus. For a 3D spherical nucleus this expression can be written
as follows;
ΔG3D = −4πr
3
3vn
Δμ + 4πr2γ , (2.5)
where vn is the molecular volume of the nucleus. The critical radius of the
nucleus r∗ is the size at which the Gibbs free energy is at its maximum (ΔG∗),
this is illustrated in Figure 2.4. From δΔGδr (r∗) = 0, the value of r∗ can be
calculated. At this point, the probability to grow out to the new phase, or
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remain in the old phase, is around 0.5 depending on the shape of ΔG around
r∗. When a nucleus overcomes this size, the probability of growing out to the
new phase is high, since energy is gained from adding molecules to the nucleus
of the new phase.
Figure 2.4: The Gibbs free energy curve of a nucleus of the new phase as a function
of its radius, which consists of a volume term ΔGV with a negative energy and a
surface term ΔGS with positive energy. The critical radius r∗ is the nucleus size at
the maximum of the total Gibbs free energy ΔGtot.
For a spherical 3D nucleus the value of r∗ is
r∗3D =
2γvn
Δμ . (2.6)
The barrier for 3D nucleation ΔG∗ is the maximum value of ΔG at r∗
ΔG∗3D = ΔG3D(r∗) =
16πγ3vn2
3Δμ2
. (2.7)
For a 2D cylindrical (or circular) nucleus with height h the expression for the
Gibbs free energy can be written as
ΔG2D = −πr
2h
vn
Δμ + 2πrhγ , (2.8)
the critical nucleus radius is
r∗2D =
γvn
Δμ , (2.9)
and the barrier for 2D nucleation is
ΔG∗2D = ΔG2D(r∗) =
πhvnγ
2
Δμ . (2.10)
19
519853-L-bw-Smets
Processed on: 27-6-2018 PDF page: 28
This shows that in the case of 3D and 2D nucleation, the barrier for nucleation
and the size of the critical nucleus are inversely proportional to the (square
of the) chemical potential diﬀerence or driving force Δμ. According to CNT,
there is no barrier for 1D nucleation.
Cooperative motion
In a review paper by Herbstein,65 Mnyukh’s nucleation-and-growth theory is
conﬁrmed as the most likely mechanism for solid-state phase transitions, but it
is viewed as a macroscopic description that cannot explain all the complexities,
especially in molecular crystals. Brandel et al. summarised the concepts devel-
oped over the last two decades for complex eﬀects found in molecular crystals
that are not well accounted for; “cooperativity, packing frustration, concerted
movements, microstructure and mosaicity, modulated structures, zip-like mech-
anisms, anomalous thermal expansion, lattice strains, internal molecular mo-
tions, mesoscopic eﬀects, etc.”43 In this thesis, cooperativity and concerted
motion in layered structures will be discussed in the framework of nucleation-
and-growth theory in Chapter 10.
Thermosalient crystals exhibit thermally induced SCSC phase transitions
that induce jumping or leaping of the crystals, which is considered a result
of cooperative motion.7 They belong to the larger class of dynamic crystals;
crystalline materials that respond to external stimuli – e.g. exposure to light,
pressure, or temperature – with mechanical motion such as translation, rota-
tion, jumping, bending and twisting, see Figure 2.5.66 The thermosalient eﬀect
is described by Naumov et al. as “a rapid, nearly instantaneous release of size-
able mechanical strain that has accumulated in the crystal interior during the
structural change”.7 It involves sharp phase transitions and large anisotropic
changes in the unit cell volume. Thermosalient crystals usually have ‘potential’
gliding planes without strong interactions. The mechanism is possibly related
to martensitic phase transitions, which involve small cooperative movements
of atoms. However, as mentioned before, we try to avoid this term, since it
is ambiguous. It is proposed by Naumov et al. that the accumulated strain,
built up by small rearrangements between the layers or conformational changes
of the molecules as a result of nucleation-and-growth of the new phase, trig-
gers the sliding of the layers with respect to each other.7 The thermosalient
eﬀect is often less pronounced in ground powders compared to single crystals,
since the strain can be dissipated at defect sites and therefore is not suﬃciently
accumulated in the crystal. Slow heating and cooling can often prevent the
destruction of thermosalient crystals and lead to deformation or jumping. The
thermosalient eﬀect can be applied in actuators that convert heat into me-
chanical motion for e.g. smart medical devices, implants, artiﬁcial muscles,
(opto)electronics and sensors.67
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Figure 2.5: Schematic overview of regular (left) and stochastic (right) motion of
dynamic crystals. Reprinted from Ref. 66.
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2.4.3 Thermodynamic driving force and kinetics
In order to compare the thermodynamics and kinetics of solid-state phase tran-
sitions, some theoretical background on the important parameters is given here.
At the thermodynamic transition temperature, two phases have an equal Gibbs
free energy, thus the driving force for transition in either direction is zero. The
driving force for solidiﬁcation can be calculated as described in Ref. 68. The
same derivation is shown here for solid-solid phase transitions, this is valid as
long as the hysteresis is small. From Eqn. 2.2, it follows that at the thermo-
dynamic transition point Ttrs
ΔtrsS =
ΔtrsH
Ttrs
. (2.11)
For a small deviation of ΔT from Ttrs there is no signiﬁcant diﬀerence in cp and
therefore we can assume that ΔH and ΔS are independent of temperature, so
that at T ′ = Ttrs + ΔT ,
ΔtrsG = ΔtrsH − T ′ΔtrsS
≈ ΔtrsH − T ′ ΔtrsH
Ttrs
= ΔtrsH
(
Ttrs − T ′
Ttrs
)
= −ΔtrsH
(
ΔT
Ttrs
)
.
(2.12)
This shows that the driving force is proportional to the transition enthalpy
or latent heat. Moreover, more overheating or -cooling is required when the
transition enthalpy is smaller to obtain the same driving force. It is diﬃcult to
exactly quantify the eﬀect of the driving force on the transition rate, but it can
be related to the barrier for nucleation in the nucleation-and-growth theory as
shown above.53 However, the overall transition rate will depend on the energy
barrier of the rate-determining step, which can be diﬀerent for each crystallite.
The Arrhenius equation
Rtrs = AArr exp
(−Eact
RT
)
, (2.13)
with Eact the activation energy or energy barrier of the transition, describes
the transition rate (Rtrs) as a function of temperature. This is only applicable
for rate-determining processes that are governed by ﬁrst-order kinetics, such as
the propagation of the transition front at the contact interface, as described by
Mnyukh.9 It requires a certain amount of overheating or overcooling beyond the
thermodynamic transition temperature to overcome the kinetic barrier. The
higher the barrier, the slower a phase boundary will move across a crystallite.
Overall, the following factors inﬂuence the kinetics of phase transitions, ac-
cording to Ref 53; the nature of the sample (powder or single crystal) and its
surface area, the temperature relative to the thermodynamic transition temper-
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ature, the activation energy (bond strength), the pre-exponential factor AArr,
the change in volume, the pressure and the transition mechanism.
2.4.4 Phase transitions in molecular crystals
Solid-state phase transitions in molecular crystals diﬀer in several aspects from
phase transitions in atomic or ionic systems. Molecular systems generally trans-
form quite slowly, due to the extensive reorganisation required for the large
entities. On the other hand, molecules have strong intramolecular bonds, but
weak intermolecular bonds that can relatively easily be broken. In contrast,
ionic crystals have strong ionic bonds between the ions, which increases the ac-
tivation energy if these have to be broken. Moreover, conformational changes
only occur in molecular systems and largely extend the possible microscopic
conﬁgurations, which leads to a potentially very rich polymorphic landscape.
For molecular crystals, ‘reconstructive’ phase transitions do not involve the
breaking of covalent bonds, since this would be considered a chemical reac-
tion. However, non-covalent bonds, such as hydrogen bonds, π-π stacking and
Van der Waals interactions can be broken. In general, molecules are much
more bulky and ﬂexible than atoms and ions, and therefore movement costs
more energy. ‘Displacive’ transitions probably only occur in molecules when
there is preservation of a 1D or 2D structure. Order-disorder transitions could
involve molecules that statistically take several orientations and become or-
dered in the other phase. Drebushchak et al. make this distinction for confor-
mational polymorphism; isostructural conformational transformations involve
only conformational changes while the packing of the molecules is preserved,
and reconstructive conformational transformations involve both changes in the
conformation and the packing of the molecules by reconstructing e.g. the hy-
drogen bonding network.69 However, it is diﬃcult for layered or other strongly
anisotropic crystal structures to draw the line between reconstructive and dis-
placive conformational phase transitions, as will be discussed in this thesis.
2.5 Computational methods for polymorphism and solid-
state phase transitions
Computational methods are improving fast in the ﬁeld of crystallography and
polymorphism. Crystal structure prediction (CSP) is the ﬁeld of generating
possible crystal structures from the chemical diagram of a molecule and rank-
ing these structures by calculating their energies to form a crystal energy land-
scape.70,71 Essentially, crystal structure is an optimisation of atomic positions
ruled by attractive and repulsive forces, to (one of) the lowest energy conﬁgura-
tion(s). Although the most recent sixth blind test organised by the Cambridge
Crystallographic Data Centre (CCDC) has shown that the ﬁeld of CSP is im-
proving rapidly, being able to handle reasonably large, ﬂexible molecules, many
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challenges remain.72 Especially the ranking of the predicted crystal structures
based on lattice energy calculations remains diﬃcult, because highly accurate
methods are computationally extremely demanding and do not take tempera-
ture eﬀects into account. Although the overall contribution to the free energy
is small, by including the lattice vibrational energy – mainly the entropy contri-
bution – a re-ranking of polymorph stability can be obtained in some cases.73
Furthermore, predictions often yield many more polymorphic forms within a
reasonable energy from the stable form than can be found experimentally.
Molecular Dynamics (MD) and metadynamics simulations can be used to
elucidate the mechanism of the solid-state phase transitions.74 While X-ray
diﬀraction can provide the crystal structure before and after the phase tran-
sition, MD simulations could generate the actual pathway of the molecules
during the phase transition. Although the energy calculations of MD simula-
tions using classical force ﬁelds are less accurate than e.g. density functional
theory (DFT) calculations, it is the most suitable method for simulations of
hundreds of molecules. Classical force ﬁelds describe a bond between atoms
as a spring with a force constant, which depends on the element and chemical
environment. New positions of the atoms are calculated as a function of time
from all the forces on the system, thereby creating a trajectory. In compu-
tational chemistry there is always a trade-oﬀ between accuracy of the energy
description of the molecules and computational time.
2.6 Amino acids
This thesis is mainly focussed on solid-state phase transitions in aliphatic linear
chain amino acids, since they have layered structures that enable reversible
SCSC phase transitions. The possibility of cooperative motion during these
phase transitions is explored in detail. Amino acids are the building blocks of
proteins and therefore one of the most important biological molecules. They
consist of a central carbon atom (Cα) to which an amino group, a carboxyl
group, a hydrogen atom and a side-chain group (R) – unique for each amino
acid – are attached, see Figure 2.6. The (Cα) is chiral if all four groups are
diﬀerent, and the chirality of amino acids is mostly expressed as d or l. Life is
mostly based on l-amino acids.
In this thesis, the enantiotropically related polymorphic forms of racemic
and quasiracemic aliphatic linear chain amino acids will be described, and the
reversible SCSC solid-state phase transitions between them. Quasiracemates
consist of a d-amino acid and a diﬀerent l-amino acid in a 1:1 co-crystal.
Aliphatic side-chain amino acids are amphiphilic, i.e. consist of a hydrophilic
part (the amino and carboxyl groups) and a hydrophobic part (the aliphatic
side-chain). The amphiphilic nature makes these amino acids an interesting
model system for (polymorphic) pharmaceutical compounds, since APIs are
often also amphiphilic. As a result of this property, this class of amino acids
24
519853-L-bw-Smets
Processed on: 27-6-2018 PDF page: 33
Figure 2.6: Schematic drawing of the molecular structure of an amino acid.
shows similar structures; almost all known polymorphic forms consist of a 2D
hydrogen bonding network, which results in layered structures, see Figure 2.7a.
The colours of the atoms correspond to the following elements; C (grey), H
(white), oxygen (red) and nitrogen (blue). The layers are built up of molecular
bilayers, with the hydrogen bonds of the amino and acid groups interconnecting
the molecules and the aliphatic chains pointing outwards. The bilayers are held
together by weak Van der Waals interactions between the ends of the aliphatic
chains.
The racemates generally crystallise in the space groups P21/c or C2/c
(conventional settings), depending on the stacking pattern of the hydropho-
bic chains. The alternative space group settings P21/a and I2/a are often
used for easier comparison between diﬀerent polymorphs of the same amino
acid, allowing a more clear overlay of unit cell axes. The quasiracemates lack
the inversion symmetry and therefore usually crystallise in the space groups
P21 or C2. The solid-state phase transitions in these amino acids typically
involve the relative displacement of bilayers, see Fig. 2.7b, and in many cases
a change in the conformation of the molecules or disorder. The displacement
is mostly over half the length of one or two unit cell axes.
A torsion angle describes molecular conformation by deﬁning the geometric
relation between two parts of a molecule connected by a chemical bond, see
Figure 2.8. Each set of three connected atoms in a molecule deﬁnes a plane and
the torsion angle describes the angle between two intersecting planes, varying
from -180° to +180°. In amino acids, the torsion angles tend to lie – due to
steric hindrance – around 180°, 60° and -60°, which are called trans, gauche+
and gauche−, respectively. The ﬁrst torsion angle is measured from the N-atom
in the amino acid, not the C(=O), since the former has the highest priority.
A Newman projection can be used to determine the torsion angle, which is
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(a) Crystal structure amino acids
(b) Bilayer displacement
Figure 2.7: Schematic drawings of (a) the typical crystal structure of the racemic
aliphatic linear chain amino acids with the hydrogen bonds indicated in light blue,
and (b) the typical bilayer displacement during the phase transitions in these amino
acids.
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positive for clockwise rotation from the ﬁrst atom in front to the fourth atom
in the back, viewed along the bond of atoms two and three. Since the amino
acids described in this work have no intramolecular H-bonds, the molecules are
very ﬂexible and can adopt a range of conformations, depending on the length
of the aliphatic chain.
Figure 2.8: Standard convention for deﬁning torsion angles in molecules. The
torsion angle is measured looking along the bond between the central two atoms (in
either direction), and using the ﬁrst atom in the front as the 0° angle reference. The
relative position of the fourth atom in the back with respect to the ﬁrst atom in the
front determines the angle θ, with positive values for clockwise and negative values
for counter-clockwise rotation. Reprinted from Ref 75.
The hydrogen bonding pattern within a molecular bilayer of a hydrophobic
amino acid can be built up in several ways.76 In a single layer or sheet, ﬁve
distinct ways have been found by Gørbitz et al. to form hydrogen bonds, each
using two of the amino H atoms for connections within the sheet and the third
to connect the two sheets that construct a bilayer.77 The ld-sheet incorporates
both l and d amino acids, while the others (l1, l2, l3 and lx) contain only
one chirality in the sheet, see Figure 2.9. By combining two sheets of the same
type, the following six hydrogen bonding patterns for amino acid bilayers can
be formed; ld–ld and l1-d1 for racemates and quasiracemates, and l1-l1,
l2-l2, l3-l3 and lx-lx for enantiopure compounds.
In most cases, linear chain hydrophobic amino acid racemates and quasi-
racemates crystallise in a Z ′ = 1 crystal structure with an ld–ld hydrogen
bonding pattern, which is the energetically most favourable hydrogen bonding
pattern for racemates.77,78 The unit cell parameter Z ′ is the number of for-
mula units in the asymmetric unit, and Z is the number of formula units in
the unit cell. However, in some cases the stacking of the hydrophobic chains
is apparently energetically more favourable in an l1-d1 pattern for racemates
or quasiracemates. For example, branched chain hydrophobic amino acid race-
mates crystallise in the l1-d1 pattern.
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Figure 2.9: The ﬁve hydrogen bonding patterns in hydrophilic sheets, based on the
crystal structures of hydrophobic amino acids. Characteristic hydrogen-bonded ring
systems are shaded in blue. Reprinted from Ref. 77.
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Chapter 3
Do solid-to-solid polymorphic
transitions in DL-norleucine proceed
through nucleation?
dl-Norleucine is a molecular crystal exhibiting two enantiotropic phase tran-
sitions. The high temperature α ↔ γ transition has been shown to proceed
through nucleation and growth [Mnyukh et al., J. Phys. Chem. Solids, 1975,
36, 127]. We focus on the low temperature β ↔ α transition in a combined
computational and experimental study. The temperature dependence of the
structural and energetic properties of both polymorphic forms is nearly iden-
tical. Molecular Dynamics simulations and nudged elastic band calculations
of the transition process itself, suggest that the transition is governed by
cooperative movements of bilayers over relatively large energy barriers.
This chapter has been published as:
Joost A. van den Ende, Mireille M. H. Smets, Daniël T. de Jong,
Sander J. T. Brugman, Bernd Ensing, Paul T. Tinnemans, Hugo Meekes,
and Herma M. Cuppen, “Do solid-to-solid polymorphic transitions in dl-
norleucine proceed through nucleation?”, Farad. Disc. 179, 421-436 (2015),
dx.doi.org/10.1039/C4FD00214H.
The individual contribution of M.M.H. Smets to this chapter is the experimen-
tal work used to characterise the low temperature solid-state phase transition
of dl-norleucine.
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3.1 Introduction
The occurrence of polymorphism in molecular crystals, i.e., the ability of a
compound to crystallise in diﬀerent crystal structures, can have important im-
plications in diﬀerent areas of industry ranging from the food industry2 to
the production of dyes and pharmaceutical products.1 Since the crystal struc-
ture determines several properties such as dissolution rate and solubility of the
manufactured product, control over the obtained polymorph and its stability
is desired. Transformations between polymorphic forms can be divided in two
categories: solvent mediated79 and solid-to-solid transformations. Examples of
the latter category are transformations induced by temperature,80 gas,81 large
pressures,82 or grinding.83
Most strategies to inhibit or induce solid-to-solid transformations are empir-
ical in nature. In the case of transformations in which the parent and daughter
phase have similar structures, there is an ongoing debate whether the trans-
formation mechanism involves a cooperative movement of molecules or occurs
through nucleation and growth.45,62,65
dl-Norleucine (2-aminohexanoic acid, dl-Nle) is an example of a molecular
crystal that exhibits interesting enantiotropic polymorphism, i.e., polymor-
phism in which the relative thermodynamic stability of the forms changes as a
function of temperature in a reversible way. The diﬀerent polymorphic forms
all consist of tightly packed molecular bilayers which are strongly connected by
hydrogen bonds between the amino and acid groups. These molecular bilayers
are mutually Van der Waals bonded by unbranched hydrophobic side chains.
Mathieson84 predicted polymorphism to exist for dl-Nle based on X-ray
diﬀraction measurements. More recent determinations of the polymorphic
forms β 85 (stable at low temperatures), α86 (stable at room temperature), and
γ 87 (stable at high temperature) conﬁrmed and extended his ideas. The β and
α forms consist of highly similar structures in which the molecular conforma-
tions are nearly identical.88 Figure 3.1 shows the structure of both polymorphs
projected along the b and a axes. The molecules are coloured according to
their chiral form: d-norleucine (or R) is yellow and l-norleucine (or S) is blue.
The diﬀerence between the polymorphic forms is in the relative position of the
bilayers.
The temperature of the α ↔ γ transition is well deﬁned. The α and the
γ polymorphic forms diﬀer both in the molecular conformation and in the rel-
ative position of the bilayers. The relative position of the bilayers is similar
for the γ and the β polymorphic forms, their diﬀerences are dominated by a
change in molecular conformation. The α ↔ γ transition is accompanied by
cracking of the crystals due to a discontinuity in the density at the transi-
tion.62,87 In contrast, the transition from the β to the α form is reported to be
‘extraordinarily variable’ both in behaviour and in transition temperature.87
It is still an open question which processes govern the onset of the low temper-
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Figure 3.1: An overview of the structures of the α and β polymorphic form of dl-
Nle. The molecules are coloured according to their chirality: d-molecules in yellow
and l-molecules in blue. The dotted lines depict the distance parameters (DP1 and
DP2) which are averaged in-plane distances between molecules of the same chirality
in opposing bilayers.
ature transition and whether this solid-to-solid transition can be described by
a nucleation-and-growth mechanism or not.
A distinct diﬀerence between polymorphic transitions occurring through a
nucleation-and-growth mechanism and those occurring through a displacive
mechanism is the eﬀect of defects on the occurrence of the transition.62 When
the transitions proceed through a nucleation-and-growth mechanism, they can
be induced by defects that can act as centres of nucleation. Contrarily, for tran-
sitions with a displacive character, a defect acts as an obstacle for the transition
and has the capability to hinder it. The nucleation-and-growth characteristics
of the α ↔ γ transition have convincingly been proven on the basis of these
arguments by Mnyukh et al.62
Recently, some of us have reported that both the lattice parameters and
the potential energies of the α and β polymorphic form behave identically as a
function of temperature in a Molecular Dynamics (MD) simulations study.89
We conclude that the diﬀerence in volume between the experimentally obtained
structures85,86 is a consequence of thermal expansion and not of diﬀerences be-
tween the polymorphic forms themselves. This continuous behaviour of the
crystal properties, suggests the possibility of a transition without a clear nu-
cleation centre which is in accordance with earlier modelling studies on this
transition.90–93 Furthermore, the MD simulations from Ref. 89 showed partial
phase transitions from the β to the α polymorphic form, which result in an
intermediate structure.
This chapter tries to pin down the mechanism that governs the poorly under-
stood β ↔ α transition by means of a further computational and experimental
characterisation of the polymorphic forms and the solid-to-solid polymorphic
transition. We use single crystal X-ray diﬀraction to verify computational re-
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sults concerning the lattice parameters of the two polymorphic forms. From
diﬀerential scanning calorimetry results and simulations we deduce energetic
properties of the polymorphic forms. To study the mechanism of the transi-
tion we use MD simulations with diﬀerent sizes of the simulation cell. Finally,
nudged elastic band calculations to ﬁnd a minimum energy path are used to
probe the energy landscape of the phase transition.
3.2 Experimental and methodology
3.2.1 Materials
dl-Norleucine (98% pure) was purchased from Alfa Aesar and recrystallised by
vapour diﬀusion from an ethanol/water mixture to form single crystals.
3.2.2 Diﬀerential scanning calorimetry
A Mettler Toledo DSC822e calorimeter in combination with a Julabo FT900
immersion cooler, a TSO 801RO Sample Robot and STARe software 11.0 were
used for diﬀerential scanning calorimetry measurements. Powder samples and
single crystals of dl-Nle have been investigated with this method using heating
and cooling rates of 2 to 10Kmin−1 in the temperature range of 223 to 423 K.
Samples of a few milligrams were sealed in an aluminium pan (40 μL) and
the heat ﬂow was measured in comparison to an empty reference pan. The
calorimeter was calibrated with the melting points of indium (Ton = 429.5 K
and ΔH = −28.13 J g−1) and zinc (Ton = 692.85 K and ΔH = −104.77 J g−1),
both supplied by Mettler Toledo.
3.2.3 Single crystal X-ray diﬀraction
A dl-Nle single crystal of (0.6×0.2×0.1 mm) was annealed at 383 K for at
least 15 min to ensure only the α polymorph was present at the start of the
measurements. The crystal was mounted on a goniometer head. Scans for
unit cell determination were collected on a Nonius KappaCCD diﬀractometer
in φ and ω scan mode using Mo-Kα radiation and a graphite monochromator.
The scans were measured at various temperatures during cooling between room
temperature and 113 K with a cooling rate of 5Kmin−1. In addition, at each
temperature one scan was collected to observe the changes in the direction
perpendicular to the layers of the crystal in more detail during the transition
of the α to the β form of dl-Nle. The unit cell was determined from the scans
using the Nonius EvalCCD program suite software94 and either the α or the β
form, or both were chosen. All α unit cells were converted from standard setting
P21/c to a P21/a unit cell with a doubling in the direction perpendicular to
the bilayers (c-direction). The β unit cells were converted from a C2/c to an
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I2/a setting, so that the orientation of the molecules w.r.t. the cell axes of
both α and β were comparable.
3.2.4 Computational Settings
Force Field
The same computational settings for the force ﬁeld and charges as in Ref. 89
are used. In summary, this means the amber force ﬁeld95 in combination with
am1-bcc charges.96,97 For the non-bonded interactions a cutoﬀ of 10 Å and
an Ewald summation with a precision factor of 10−6 were used.
Structures and optimisation
lammps98 was used to obtain the minimal energies of the diﬀerent poly-
morphic forms. The experimentally determined structures (DLNLUA01,86
DLNLUA02,85 and DLNLUA0587) were minimised with a convergence of
3.5 × 10−2 kJmol−1 Å−1 through an approximated second order method
(hftn). To make the cell parameters of the two polymorphic forms easily
comparable the same conversion of the settings of the unit cells as described
in Section 3.2.3 was used.
Molecular Dynamics
For a general overview of the issues involved when using MD simulations for
studies of molecular crystals we refer to Nemkevich et al.99 All MD simula-
tions have been performed with dl_poly_4.05100 with input ﬁles generated
with the help of dl_field101 and gdis.102 The anisotropic isothermal-isobaric
(npt) ensemble103 has been applied with a barostat and thermostat parameter
of 0.4 and 0.04 ps, respectively, to simulate at a constant pressure of 1 atm. An
integration timestep of 0.5 fs was used. Statistics and trajectories have been
recorded every 0.05 and 0.5 ps, respectively. After a three step equilibration
process (nvt at 10 K, nvt at 120 K (β) or 298 K (α), npt at same temper-
ature), 500 ps simulations between 120 and 350 K were performed. All the
settings are in accordance with Ref. 89.
For the study of the thermal dependence of the polymorphic properties,
the simulation cell consisted of 3×5×2 unit cells containing 240 molecules. To
study the transition mechanism, 20 diﬀerent trajectories of 500 ps of the β
polymorphic form were simulated at 350 K. This was done for 14 diﬀerent sizes
of the simulation cell: 2×5×c and 3×5×c with c ranging from 1 to 4, 3×6×1,
3×6×2, 3×7×1, 4×5×1, 5×5×1, and 5×5×2 unit cells. For the systems 2×5×c
the cut-oﬀ radius had to be decreased to 9.8 Å. The occurrence of partial phase
transitions was followed with the help of two speciﬁcally designed distance
parameters, which probe the shifts along the planes and are explained in Ref.
89.
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Nudged Elastic Band
The nudged elastic band calculations104–106 are performed in lammps.98 The
14 replicas are connected with a spring constant of 25 kJmol−1 Å−2. The time
step used in the damped dynamics for the minimisation of the replicas was
0.5 fs. The starting structure (denoted as (low-high) in Figure 3.8) was a
minimised frame of a trajectory without a partial phase transition of an MD
simulation of the β polymorphic form at 350 K. From there the other initial
structures were obtained by shifting over b/2, a/2 and b/2+a/2. In total 12
atoms were connected between the replicas. The atoms (Cα, Cδ, and C) were
part of four molecules. These molecules formed two pairs which were located in
two interfaces of bilayers. The replicas were minimised with a convergence of
the global force vector of 0.8 kJmol−1 Å−1. The obtained total energy barrier
was divided by 60, the number of molecules in one bilayer.
3.3 Polymorphic properties
3.3.1 Structural properties
Discontinuous behaviour of lattice vectors, angles and/or volume of a crystal as
a function of temperature is a sign of a ﬁrst order phase transition,45,65 which
typically occurs through a nucleation-and-growth mechanism. In this chapter
we combine experimental (single crystal X-ray diﬀraction) and modelling (MD
simulations) results of the temperature dependence of the lattice parameters
of β and α dl-Nle. The usage of MD allows for the study of a polymorphic
form even in its metastable regime where experimentally this form might be
inaccessible because of its limited lifetime.
Along the lines of Ref. 89, we have determined the values of the lattice
parameters through MD simulations for both the α and β polymorphic forms
at a number of temperatures between 120 and 350 K. Figure 3.2 shows the
behaviour of all three lattice vectors, the monoclinic angle and the volume as a
function of temperature. For the α polymorphic form we have doubled the unit
cell in the c direction to have the same number of molecules in the unit cell as β
and to make the forms easily comparable. As one can see, the cell parameters
behave identically for the α and β polymorphic form. This implies that all
these ﬁve properties and their derivatives with respect to temperature, depend
on the temperature in a continuous way, thereby allowing the possibility of a
transition governed by a displacive mechanism. Notably, the thermal expansion
is almost only aﬀecting the c-axis, which is perpendicular to the bilayers, and
the β-angle.
These results can be compared with the experimental lattice parameters of
dl-Nle determined using single crystal X-ray diﬀraction (SCXRD). The results
of such a measurement on a good quality single crystal with a clear α → β
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transition is shown in Figure 3.2. The α phase unit cell was found above 253 K
and the β unit cell was found upon cooling for temperatures between 253 K
and 113 K. When the crystal was heated again, the β phase was retained until
room temperature. However, after leaving the crystal at room temperature for
about 60 hours the crystal had spontaneously transformed to the α polymorph.
From Figure 3.2 it is clear that the lattice parameters and the thermal ex-
pansion of α and β are very similar to the results of the MD simulations, apart
from an oﬀset. No clear discontinuity is observed in the volume of the unit
cell nor in the cell parameters. The inset of the panel for the c-axis shows
the results of another measurement of the same single crystal with smaller
increments in the temperature region of the transition. Only at one speciﬁc
temperature (253 K) both polymorphic forms were assigned to the obtained
diﬀraction pattern. For this particular crystal, the transition was quite fast and
a clear transition temperature could be identiﬁed. For other crystals this was
not always the case. Typically, there is a temperature regime where diﬀraction
peaks of both phases are present, which indicates coexistence of the α and β
phases. This temperature regime can be quite large (even up to 100 K). Subse-
quent measurements of the same crystal resulted in similar lattice parameters
as a function of temperature, but the amount of disorder in the layer stacking
upon cooling and the temperature region of the phase transition varied from
crystal to crystal. In some measurements extra peaks were visible that indicate
disorder in the layer stacking or a super cell in the c-direction perpendicular
to the layers. In other cases the reﬂections showed severe streaking. Besides,
in some crystals, no signs of a phase transition were visible down to 173 K. In
summary, the behaviour of the crystals of dl-Nle is extremely variable and the
β ↔ α transition remains diﬃcult to characterise.
The large similarity between the experimental and simulation results, both
quantitatively and qualitatively, is reassuring. The fact that in both cases no
discontinuities are observed and that the MD reproduces the anisotropy of the
thermal expansion tells us that the MD simulations and the applied force ﬁeld
are accurate and this gives conﬁdence that we can use the atomistic information
from the simulations to learn more about the mechanism of the transformation.
3.3.2 Energetic properties
To assess whether the relative experimental stability of the polymorphic forms
could be represented by our computational description of the system (see Sec-
tion 3.2.4), we performed a 0 K geometry optimisation. The minimal energies
of the three polymorphic forms are: −93.5 kJmol−1 for β, −92.3 kJmol−1 for
α and −84.6 kJmol−1 for γ. The order β < α < γ agrees with the experimental
stability order. The energy diﬀerence between the β and α polymorphic form
(1.2 kJmol−1) is lower than the available thermal energy at room temperature
(2.5 kJmol−1). The diﬀerence in energy between the α and γ polymorphic form
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Figure 3.2: The lattice parameters of dl-Nle as a function of temperature as de-
termined using SCXRD and MD simulations. The inset in the c-panel, shows a
second measurement of the same single crystal with additional points measured in
the temperature range of the transition.
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is clearly higher with 7.7 kJmol−1. Particularly, the small energy diﬀerence be-
tween the β and α polymorphic form (low driving force) in combination with
the large observed hysteresis in transition temperature, suggests the presence
of a relatively large energy barrier for this transition.
Besides the geometry optimisation, we have studied the enthalpy of the
polymorphic forms as a function of temperature by means of MD simulations.
Figure 3.3 shows the dependence of the enthalpy on temperature. Again, these
values are identical for the β and α polymorphic forms at all temperatures.
Combined with the information depicted in Figure 3.2, we conclude that the
diﬀerence in relative orientation of the molecular bilayers with respect to each
other is not a source for an observable enthalpy diﬀerence between the poly-
morphic forms. Moreover, this implies that transitions from β to α or vice
versa, can occur without a net discontinuity in the enthalpy. An energy barrier
between the two phases might still exist.
The heat capacity at constant pressure (Cp) can be obtained from the tem-
perature dependence of the enthalpy. Not surprisingly, these are similar for
both polymorphic forms: Cp(α) = Cp(β) = 5.6 × 102 Jmol−1 K−1. From this,
one can obtain the diﬀerence in entropy over the temperature range;
S(Tf ) − S(Ti) =
∫ Tf
Ti
Cp
T
dT ≈ Cp ln Tf
Ti
= 6.0 × 102 Jmol−1 K−1
for both polymorphic forms, in which Ti = 120K and Tf = 350K. Since the
reversible polymorphic transition occurs in this temperature range, there must
be a ﬁnite diﬀerence in absolute entropy between the two polymorphic forms
at 120K. An estimate of this diﬀerence obtained from a calculation of the
crossing of the Gibbs free energies, is
S(α, Ti) − S(β, Ti) = H(α) − H(β)
Ttrans
≈ 4 Jmol−1 K−1,
in which Ttrans is approximated by 300 K. Indeed, the transition is driven
by a small entropic diﬀerence and moreover, this diﬀerence has a very small
temperature dependence.
The energetic resemblance of the polymorphic forms is conﬁrmed by diﬀer-
ential scanning calorimetry (DSC) results. Certain single crystals show several
small exothermic peaks between 254 and 242 K during cooling (Figure 3.4),
which suggest a very small enthalpy change upon transforming from the α to
the β polymorph. For these crystals no peak is observed during the heating
process. However, the occurrence of the small peaks upon subsequent cool-
ing indicates that the backward transition must have taken place. The peaks
occur typically at slightly diﬀerent temperatures and have diﬀerent intensi-
ties (∼0.02 kJmol−1). Several other crystals show no peak during the cooling
and subsequent heating of the crystal below 383 K. In powdered samples of
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Figure 3.3: The enthalpy of the β and α polymorphic forms as obtained from the
MD simulations show identical behaviour in their dependence on temperature. The
error bars denote the standard deviation of the enthalpy during the simulation, they
overlap for both polymorphic forms because the enthalpies show identical behaviour.
Crosses denote β and circles denote α. The inset shows the 1.2 kJmol−1 lattice energy
diﬀerence between the polymorphic forms.
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similar weight, which intrinsically contain more defects than single crystals,
no enthalpy change is observed. Moreover, after the single crystal undergoes
the α → γ transformation, no peaks were observed in the DSC measurements
around 250 K, most probably due to cracking of the crystal, which results
in more defects. These are arguments against a nucleation-and-growth mech-
anism for the β ↔ α transition, since in such a mechanism the probability
of transitions increases with the amount of defects. On the other hand, the
α ↔ γ transition of dl-Nle is clearly observed at 391 K during heating as
a strong endothermic peak with a small hysteresis (∼2 K) both in powders
and single crystals. It has an enthalpy of transition of 4.8 ± 0.2 kJmol−1 in
a powdered sample (which is identical to the enthalpy reported in Ref. 107)
and 4.6 ± 0.4 kJmol−1 in a single crystal, compared to ∼0.1 kJmol−1 for the
β ↔ α transition of a single crystal.
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Figure 3.4: Three DSC measurements of a single crystal (0.1 mg) between 383 K
and 223 K with a heating rate of 2Kmin−1. Several small peaks indicating the α → β
transition are visible during cooling between 252 K and 244 K (see inset). During
heating no peak is observed. The signals at 330 K during heating and 350 K during
cooling are artefacts of the DSC measurement.
3.4 Transition mechanism
The β and α polymorphic forms diﬀer from each other by a shift of each second
bilayer over a/2 and b/2, as is depicted in Figure 3.1. In earlier work we have
exploited this diﬀerence by introducing two two-dimensional average distance
parameters (in Å): one in the bc plane (DP1) and one in the ac plane (DP2).
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Only distances between molecules of the same chirality are included. For in-
terfaces between the bilayers at the aliphatic end which have α character, DP1
is roughly 3.5 (high) and DP2 4.5 (low) at 350 K. Therefore we will refer to
these as ‘α (high-low)’. Interfaces with β character typically have DP1 and
DP2 values of 3 (low) and 6.5 (high), respectively. Therefore we will refer to
these as ‘β (low-high)’. The distance parameters are schematically depicted in
Figure 3.1. In Ref. 89 we were able to simulate shifts of individual interfaces
from the β (low-high) to an intermediate (high-high) form. Shifts in the per-
pendicular directions towards the other possible intermediate (low-low) were
never observed (see Figure 3.8), suggesting an anisotropy in the energy barriers
related to this sliding. To extend our insight in the transition mechanism, we
present simulations monitored at a higher sampling rate, simulations with dif-
ferent sizes of the simulation cell, and results obtained with the nudged elastic
band method104,105 to probe the diﬀerent barriers.
3.4.1 Thermally induced partial phase transitions using MD
One of the observations made in Ref. 89 is that the interfaces between bilayers
change rather independently of each other. In most of the cases, shifts of
bilayers only aﬀected one interface and the extra stress due to a structural
mismatch was counteracted by a change in the angle of the simulation cell.
Shifts of one bilayer could also result in a change of the local rearrangements
of the interfaces on both sides, in which case no volume or angle change of the
simulation cell was observed. Since the interfaces can change their character in
terms of DP1 and DP2 rather independently, a change of one interface in the
simulation cell –which typically has four interfaces– can be seen as a ﬁrst step
in the partial phase transition from β to the intermediate (high-high) form.
Figure 3.5 shows the change in DP1 and DP2 parameters for such a partial
phase transition. In this case, two interfaces are aﬀected, which gives no eﬀec-
tive volume change. In previous simulations, the sampling rate was too low to
observe intermediate values of DP1. Here we have increased the sampling rate
by a factor of ten, which allows us to actually track the transition. Since DP1
and DP2 are parameters depending on an average distance parameter, an inter-
mediate value is not very descriptive. Since it can be the result of a nucleus of
molecules which made the full shift and a remaining group of molecules which
still needs to follow, or it could be that all molecules are half way, suggesting
a cooperative mechanism without a clear centre of nucleation.
Figure 3.6 shows a frame of the MD simulation at 52.95 ps, which is halfway
the partial phase transition shown in Figure 3.5. As one can see, there is no
clear centre of nucleation of the transition. All molecules of the most right
bilayer move together along the two interfaces in a cooperative manner. This
indicates the possible displacive character of the mechanism, at least at the
studied length scale of approximately 24 Å.
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Figure 3.5: The time evolution of the two distance parameters during a simulation
of the β-polymorphic form at 350 K for the four interfaces of the simulation cell. The
changes in DP1 show the partial phase transition along b in which two interfaces are
aﬀected. Due to a high sampling frequency of the trajectories, intermediate values for
DP1 can be distinguished. A snapshot of the system at intermediate DP1 is shown
in Figure 3.6 for 52.95 ps.
Figure 3.6: A snapshot of the bc-plane of the MD-simulation halfway (52.95 ps)
the partial phase transition that is depicted in Figure 3.5. There is no clear centre
of nucleation of the partial phase transition, since all the molecules in the interfaces
(highlighted in cyan) on both sides of the up moving most right bilayer of the simu-
lation cell are halfway between β and α-character. Shown are the d-molecules in the
simulation cell projected along a. The simulation cell is replicated in the c-direction
and in the b-direction.
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3.4.2 Simulation cell size dependence
To study the inﬂuence of the size of the simulation cell on the occurrence
of the partial phase transitions, we have performed MD simulations with 14
diﬀerent simulation cell sizes. For a full treatment of the methodology, we
refer to Section 3.2.4. The dimensions are changed along all three directions
of the crystal, leading to a change in the size of the bilayers themselves or in
the number of bilayers. For all cases periodic boundary conditions are applied
and hence the observed size eﬀects are not due to edge eﬀects because the
interactions continue over the boundaries of the simulation box. The inverse
size dependence of the number of observed partial phase transitionss for the
a-direction (Figure 3.7a) and the b-direction (Figure 3.7b) is clearly visible.
Again, all partial phase transitions occurred along b. When the cell size is
enlarged along c, the number of bilayers grows. This explains the growing
number of shifts in Figure 3.7c. However, when the transitions are normalised
to the number of bilayers, the inverse size dependence is retained (Figure 3.7d).
A distinct diﬀerence between transitions governed by a nucleation-and-
growth mechanism and those having a displacive character, is the dependence
on the size of the crystal.62 The rate of nucleation will increase with size, since
there are more possible sites to nucleate, while cooperative motion is harder
when more molecules are involved in this cooperative movement. Therefore,
the diminishing number of partial phase transitions as a function of the size of
the simulation cell could point towards a displacive character of the transition.
An alternative explanation for the inverse size dependence of the occurrence of
the partial phase transitions would be the ratio between the size of the simu-
lation cell and the critical nucleus of the transition in a nucleation-and-growth
mechanism. If the simulation cell is too small to sustain the full critical nu-
cleus size, a partial phase transition resulting from a full grown nucleus would
be severely hindered. However, the gathering of a few molecules in the process
to reach the critical nucleus should be observable, which we never did in our
simulations.
3.4.3 Energy barriers of bilayer shifts
The full scheme of possible transitions for interfaces to go from β character (low-
high) to α character (high-low) is depicted in Figure 3.8: a direct mechanism
in which both shifts occur simultaneously, and two mechanisms in which the
transitions occur in a two step fashion with (high-high) and (low-low) as the two
possible intermediate forms. By conventional Molecular Dynamics simulations,
we have only been able to simulate directly the transition from (low-high) to
(high-high), i.e., a slide along b. This section presents Nudged Elastic Band
calculations (NEB) which give the forward and backward energy barriers for
all ﬁve processes to check whether the slide along b is indeed the most likely
transition pathway. For details on the exact usage, we refer to Section 3.2.4.
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Figure 3.7: The number of partial phase transitions in the MD simulations are
plotted for diﬀerent sizes as a function of the number of lattice parameters a, b, and
c in the simulation cell (panels a-c). In panel d the number of partial phase transitions
is normalised to the number of interfaces through a division by c and plotted against
c. An increase of a or b (panels a and b) leads to a decrease of the occurrence of
partial phase transitions. The same decrease takes place as a function of c after the
normalisation (panel d). These results suggest a displacive character of the partial
phase transition.
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NEB provides several evaluations of the system along the minimum en-
ergy path as well as the transition state structure, given an initial and a ﬁnal
structure. The initial structure in this case is the β form. Because of the
implementation of NEB in lammps,98 it is only possible to perform these cal-
culations within the NVT ensemble, and hence no volume changes during the
process can be accounted for. For this reason, we have chosen to look at tran-
sitions involving the shift of one bilayer, aﬀecting two interfaces instead of a
shift of one interface which is accompanied by rearrangements and a volume
change of the simulation cell. This is very similar to the process presented in
Section 3.4.1 and hence the results on the (low-high) to (high-high) transition
for both cases are directly comparable. The resulting barriers for all back- and
forward transitions are calculated by dividing the total energy barrier by the
number of molecules in one bilayer and are summarised in Figure 3.8. One can
see that starting from β the (low-high) to (high-high) transition has indeed
the lowest barrier (0.8 kJmol−1), compared to the other possible end states,
(low-low, 1.3 kJmol−1) and (high-low, 1.7 kJmol−1). This explains why the
shift towards the (high-high) state is the only one which we could probe with
MD simulations (denoted in orange in Figure 3.8).
The use of a ﬁxed simulation cell is a severe limitation in determining the
precise values of the energy barriers involved in the shifting of the bilayers.
Therefore, the absolute values of the barriers should not be taken to strict. This
could be the reason for the diﬀerence in the value of the barrier to (high-high)
when compared to the 3.0 kJmol−1 obtained with a transition path sampling
study.93 However, the relative sizes of the energy barriers related to the diﬀer-
ent shifts can be deduced from these results and can point at the most likely
transition.
Contrary to our earlier suggestion based on the observed partial phase tran-
sitions that a transition from β to α would proceed with a shift along b followed
with a shift along a,89 the most likely mechanism for the transition proceeds in
the reverse order. The two-independent-shifts picture still holds, but the (low-
low) conformation is the most likely intermediate structure, since the process
involving the (low-low) conformation has the lowest maximum energy barrier
(1.3 kJmol−1) along all three possible pathways which end in the (high-low)
conformation. The second step from (low-low) to (high-low) has a much smaller
barrier of 0.1 kJmol−1. Please note that the state (high-low) has α-character
for two out of the four simulated interfaces of bilayers, which means that it is
not completely the α polymorphic form.
3.5 Conclusions
This chapter is a contribution to the debate about the possible mechanisms
governing solid-to-solid polymorphic transitions in molecular crystals. The
possibility or impossibility of cooperative motion to be such a mechanism in-
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Figure 3.8: A schematic overview of the shifts along b (DP1) and a (DP2) and
their energy barriers in kJmol−1 dl-Nle molecules obtained from Nudged Elastic
Band calculations. Starting from the β-polymorphic form (low-high) a bilayer has
been shifted ﬁrst along b and then along a or vice versa or shifted along b and a
simultaneously. The end state is (high-low) in which two out of the four interfaces
possess α-character. The transitions from (low-high) to (high-high), which could be
probed directly in MD simulations, are depicted in orange. This process has indeed
the lowest energy barrier. The most likely path from (low-high) to (high-low) goes
via (low-low).
stead of nucleation and growth of the new phase, is at the heart of this debate.
We have studied both computationally and experimentally the low tempera-
ture enantiotropic β ↔ α polymorphic transition of the amino acid dl-Nle. We
observe an identical behaviour in the temperature dependence of the lattice pa-
rameters for both polymorphs, both with X-ray diﬀraction measurements and
in Molecular Dynamics simulations. The same identical behaviour of the two
polymorphic forms is found for the temperature dependence of the enthalpy as
obtained from MD simulations. These similarities in enthalpy are conﬁrmed
by diﬀerential scanning calorimetry measurements that show only very small
peaks upon cooling and no peaks upon heating up to the α ↔ γ transition
temperature. This identical behaviour in the properties of the polymorphic
forms might point to a concerted or cooperative mechanism.
The congruence between experimental and computational results both in
energetic and structural properties, shows the relevance of MD simulations
used as a computational microscope to study the transitions on a molecular
level. In MD simulations at a high sampling frequency of the trajectories, we
did not observe a clear centre of nucleation when zooming in at a partial phase
transition along the b-axis. There was also no sign of a centre of nucleation
in our simulations with diﬀerent sizes of the simulation cell. On the basis of
nudged elastic band calculations we obtained the most likely mechanism of the
transition, which is ﬁrst sliding along the a-axis followed by a shift along the
b-axis.
In summary, the answer to the question of the title of this chapter is two-
fold. For the high-temperature transition α ↔ γ, the answer is deﬁnitely
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“yes" as is proven by Mnyukh et al.62 This chapter studies the other, β ↔ α,
polymorphic transition of the compound at lower temperatures. On the basis of
our ﬁndings we conclude that it is very likely that the polymorphic transition
proceeds through a cooperative mechanism with an energy barrier, which is
diﬀerent than the molecule-by-molecule mechanism of typical nucleation and
growth.
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Chapter 4
Understanding the solid-state phase
transitions of DL-norleucine
The solid-state phase transitions between the α, β and γ forms of dl-
norleucine were studied using DSC, thermal stage polarisation microscopy and
solid-state NMR. Since the crystals consist of 2D hydrogen-bonded bilayers
with Van der Waals interactions between consecutive bilayers, the transitions
occur in a layer-wise fashion with a propagating transformation front. The
α ↔ γ transition at 390 K is a clear example of a ﬁrst order transition with
a relatively large enthalpy diﬀerence between the polymorphs and a small
hysteresis, indicating the kinetic barrier for this transition is relatively small.
In contrast, the β ↔ α transition is not reproducible in similar crystals and
the enthalpy diﬀerence is very small. Both the α and β polymorphic forms
can coexist in a ‘single crystal’ over a large temperature range, apparently
without enforcing stress, while the α ↔ γ transition propagates fast to relieve
stress from the volume and conformational change. Moreover, the kinetics of
the β ↔ α transition are much faster in single crystals than in powders, which
is attributed to the inhibitory eﬀect of defects on cooperative motion. The
thermodynamic transition temperature of the β ↔ α transition is estimated
between 253 and 268 K. This work also shows that traditional methods of
polymorph screening might overlook some solid-state phase transitions similar
to the β ↔ α transition in dl-norleucine.
This chapter has been published as:
M.M.H. Smets, S.J.T. Brugman, E.R.H. van Eck, J.A. van den Ende,
H. Meekes, and H.M. Cuppen, “Understanding the solid-state phase transitions
of dl-norleucine – an in-situ DSC, microscopy and solid-state NMR study”,
Cryst. Growth Des. 15, 5157-5167 (2015), dx.doi.org/10.1021/acs.cgd.5b01188.
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4.1 Introduction
Polymorphism is a wide-spread phenomenon in molecular crystals.1,108 Diﬀer-
ences in crystal structures can lead to diﬀerent properties for polymorphs, such
as solubility, dissolution rate and melting point. Polymorphic forms can trans-
form into a more stable form both via the solution (solvent-mediated) and in
the solid state.
Solid-state phase transformations can limit the shelf-life of polymorphic
forms of active pharmaceutical ingredients (APIs) in medicines. Since the sol-
ubility and dissolution rate can vary signiﬁcantly between polymorphic forms,
phase transitions to another form can change the bioavailability and thereby
lead to an ineﬀective or even dangerous eﬃcacy. This also aﬀects intellectual
property and drug regulations. Therefore, it is important to be aware of poly-
morphism and the conditions that can lead to solid-state phase transitions, so
that undesirable transitions can be prevented. Although the thermodynamic
stabilities of polymorphic forms are a function of temperature and pressure,
the formation and preservation of a polymorphic form also depend strongly on
kinetics. Kinetics can hinder a thermodynamically reversible phase transition,
or even prevent it from occurring.109
Solvent-mediated polymorphic transformations of molecular crystals are
widely studied in the literature.110 Solid-solid transitions in molecular crys-
tals on the other hand are less commonly observed, since they are associated
with relatively high energy barriers due to hindered molecular rearrangement.
Therefore, the possible mechanisms of molecular solid-state phase transitions
are a source for ongoing debate. Mnyukh developed the classical nucleation-
and-growth theory for solid-state phase transitions, which involves the rear-
rangement of one molecule at a time via microcavities.61,111 However, poly-
morphic systems with very similar crystal structures could possibly combine
displacive transitions with cooperative motion.65
Here, we report on the phase transitions between the three polymorphic
forms of dl-norleucine (dl-2-aminohexanoic acid, dl-Nle), an α-amino acid
with an aliphatic chain, shown in Figure 4.1. The single-crystal-to-single-
crystal solid-state phase transitions of dl-Nle have been experimentally inves-
tigated since 1951, mainly from a crystallographic perspective.84–87,107,112,113
Additionally, dl-Nle has been used as a model system in several computational
studies, mainly molecular dynamics (MD) simulations, to elucidate the solid-
state transition mechanism in molecular crystals.89–93,114 Nevertheless, many
questions concerning the transition mechanism still remain.
dl-Nle is not unique in its polymorphism. Several other experimental stud-
ies of racemates of similar amino acids have shown reversible solid-state phase
transitions, such as dl-2-aminobutyric acid,107,115–118 dl-norvaline119–122 and
dl-methionine.123–129 Also, a recent experimental study on co-crystals of diﬀer-
ent combinations of the aforementioned amino acids (quasiracemates) showed
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Figure 4.1: d-Norleucine molecule showing the assignment of the atoms.
several displacive solid-state phase transitions.130
In the present study we investigate the behaviour of the three known poly-
morphs of dl-Nle during the β ↔ α and α ↔ γ phase transitions in more
detail. In particular for the β ↔ α transition, we focus on the behavioural dif-
ference between powders and single crystals. While the previous experimental
studies on dl-Nle mainly comprised the determination of the crystal structures
of the thermodynamically stable phases, we concentrate on the actual transi-
tions themselves by monitoring them in situ using complementary techniques.
Solid-state nuclear magnetic resonance (NMR) spectroscopy proves to be a
powerful addition to this research area. The existing knowledge of the crys-
tal structures is used to interpret our temperature dependent measurements of
the phase transitions using diﬀerential scanning calorimetry (DSC), polarisa-
tion microscopy and solid-state NMR and the results are compared to previous
simulation results. In this way, we aim to obtain a full picture of the phase
transition behaviour and the underlying mechanism.
4.1.1 DL-Norleucine
dl-Nle has three known polymorphic forms, all with a monoclinic unit cell.
The β form (C2/c) is stable at low temperature, the α form (P21/c) is stable
at room temperature and the more-recently-determined γ form (C2/c) is stable
above 391 K.87 The three forms are thus enantiotropically related, since there
is a change in the thermodynamic stability order as a function of temperature.
The unit cell parameters of the three structures are shown in Table 4.1.
All three polymorphic forms consist of zwitterions, which form strongly
hydrogen-bonded bilayers. These bilayers are connected through Van der Waals
interactions between the aliphatic side-chains in all three forms, resulting in
layered structures. The ld–ld 2D hydrogen-bonding pattern with both enan-
tiomers in each layer77 is identical for the bilayers of the three polymorphs of
dl-Nle, as can be observed in Figure 4.2. However, the stacking of the bilayers
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Table 4.1: Lattice parameters of the three known polymorphs of dl-Nle at diﬀerent tem-
peratures.87
Polymorph β-form α-form γ-form
Space group C2/c P21/c C2/c
CSD entry DLNLUA04 DLNLUA03 DLNLUA05
Temperature (K) 198 385 395
a (Å) 31.2955(9) 16.5130(8) 34.171(3)
b (Å) 4.7266(1) 4.7740(2) 4.819(3)
c (Å) 9.8803(3) 9.9245(4) 9.836(7)
β (◦) 91.870(2) 102.338(3) 101.06(3)
V per molecule (Å3) 182.6 191.1 198.7
Z / Z’ 8 / 1 4 / 1 8 / 1
diﬀers for α on the one hand and β and γ on the other hand, where every sec-
ond bilayer is displaced over the lattice vector [011] compared to α. This leads
to a C-centred monoclinic unit cell for β and γ. In addition, the conformation
of the molecules diﬀers for the high temperature γ polymorph due to a change
in the N1-C2-C3-C4 torsional angle compared to α and β. The molecular con-
formations of the α and β forms are very similar. If the structures of α and β
are in an alternative (non-conventional) setting (P21/a for α and I2/a for β),
the unit cell axes can be overlaid so that structural changes can be more easily
compared, as was shown in Ref. 89. Since the hydrogen bonding patterns and
molecular conformation of the α and β polymorphs are more or less identical,
the diﬀerence in their stabilities is caused by the weak interactions between the
bilayers.
The α form transforms reversibly to the γ form at 391 K with a small
hysteresis and a large enthalpy of transition,87 although single crystals show
severe damage after the transition. However, the exact transition temperature
and enthalpy of transition of the α form to the β form and vice versa have
not been reported, only that the transition temperature and behaviour are
‘extraordinarily variable’.87
The polymorphic phase transitions in dl-Nle involve only the rearrangement
of bilayers and in one transition (α ↔ γ) also a conformational change of the
molecules. The volume change during the phase transition can be quantiﬁed by
measuring the lattice parameters of the unit cells as a function of temperature
using X-ray diﬀraction. In the literature it has already been shown that the
α ↔ γ transition in dl-Nle involves a relatively large (4%) change in the volume
of the unit cell, mainly caused by the increase in the lattice axis perpendicular
to the bilayers of the crystal.62,87
The crystal structures of the α and β polymorphs are almost identical. The
main diﬀerence is that the chirality of the molecules in the β form is opposite in
every second bilayer compared to the α form due to the displacement of these
bilayers, as can be seen in Figure 4.2.
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Figure 4.2: dl-Nle crystal structures of the three known polymorphs (β, α and
γ) viewed along the b-axis, with the blue molecules representing D and yellow rep-
resenting L enantiomers. The molecular conformations of the α and β forms are
very similar, but the molecular conformation in the γ form is clearly diﬀerent due
to the N1-C2-C3-C4 torsional angle. The orange box shows the diﬀerence in bilayer
stacking, in the β form every second bilayer is displaced over the lattice vector [011]
compared to the α form.
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As previously reported by some of us,114 the lattice parameters and the
volume of the unit cells of α and β are very similar as a function of temper-
ature both in MD simulations and single crystal X-ray diﬀraction (SCXRD)
measurements. The enthalpy diﬀerence obtained by molecular dynamics (MD)
simulations is in the error margin (<1 kJmol−1), while DSC measurements
showed a very small or no detectable enthalpy diﬀerence for single crystals
(0.1 kJmol−1). Moreover, MD simulations of the β → α transition in dl-Nle
showed cooperative motion on a molecular scale for the partial phase transition.
Additionally, we probed the local β → α transition path with nudged elastic
band (NEB) calculations, which showed that the most likely route is ﬁrst shift-
ing a bilayer in the [100]-direction and subsequently in the [010]-direction of
the β unit cell in I2/a setting. This translates as a shift in the [001]-direction
and [010]-direction of the α unit cell in the P21/c setting that is used here. All
these results indicate that the β ↔ α transition is energetically almost neutral,
because the α and β form are so similar, and that the mechanism of the phase
transition might be cooperative instead of molecule-by-molecule as described
in the nucleation-and-growth theory of Mnyukh.111
4.2 Experimental
4.2.1 Materials
dl-Norleucine (98% pure) was purchased from Alfa Aesar. Single crystals were
grown using various methods, to obtain crystals of diﬀerent qualities and sizes.
Relatively large crystals (∼ 3×1×1 mm) were grown from an aqueous solu-
tion of 10mgmL−1 dl-Nle by antisolvent vapour diﬀusion of 10 % ethanol or
isopropanol in water. Crystals of similar size were grown by crystallisation
from a 0.25 m% agarose gel with 10mgmL−1 dl-Nle by diﬀusion of 50 %
isopropanol in water solution. Additionally, small high quality single crystals
(∼ 0.3×0.1×0.1 mm) were grown in a droplet on a siliconised cover slip, which
was hung upside down on top of the well plate and sealed with vacuum grease,
thereby creating a closed-oﬀ reservoir below the droplet. This ‘hanging drop
method’ was applied using 10 μL droplets of 10mgmL−1 dl-Nle in water and
vapour diﬀusion of a 10-20 % ethanol or isopropanol in water solution. All
crystallisation experiments were performed at room temperature.
The dl-Nle crystals consisted of thin layers that were easily cleaved parallel
to the plane of the layers, due to the weak interactions between those layers.
Therefore, the crystals were gently handled to prevent cleavage. Powder sam-
ples for DSC and solid-state NMR measurements were prepared by grinding
dl-Nle crystals.
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4.2.2 Diﬀerential scanning calorimetry
For DSC measurements, a Mettler Toledo DSC822e calorimeter with an FRS5
sensor was used in combination with a Julabo FT900 immersion cooler, a TSO
801RO Sample Robot and STARe software 11.0. Powder samples and sin-
gle crystals of dl-Nle were heated and cooled with rates of 2 to 10Kmin−1
in the temperature range of 223 to 423 K. Samples of a few milligrams were
sealed in an aluminium pan (40 μL) and the heat ﬂow was measured com-
pared to an empty reference pan as a function of temperature. The calorimeter
was calibrated with the melting points of indium (Ton = 429.5 K and ΔH =
−28.13 J g−1) and zinc (Ton = 692.85 K and ΔH = −104.77 J g−1), both sup-
plied by Mettler Toledo. Some measurements were performed on a Mettler
Toledo DSC1 calorimeter with a high sensitivity sensor (HSS8) that is suitable
for measuring weak eﬀects. This system was cooled with liquid nitrogen down
to 123 K.
4.2.3 Thermal stage polarisation microscopy
dl-Nle single crystals were thermally treated in a Linkam LTS420 thermal
stage under a nitrogen atmosphere. The thermal stage was coupled to a Zeiss
Axioplan 2 Imaging polarisation microscope to observe the phase transitions
in situ. The microscope images were recorded with a MediaCybernetics Evo-
lution VF digital camera. Heating and cooling rates were typically 2Kmin−1
to 10Kmin−1 in the temperature range between 143 and 423 K with a tem-
perature stability of ±0.1 K.
4.2.4 Solid-state NMR
Solid-state NMR spectra of dl-Nle were measured on a Varian VNMRS
400 MHz spectrometer, operating at a magnetic ﬁeld of 9.4 T (Larmor
frequencies of 399.94 MHz for 1H and 100.57 MHz for 13C). 13C NMR spectra
were measured with a Chemagnetics 3.2 mm APEX probe using 1H→13C
cross polarisation (CP), magic angle spinning (MAS) and SPINAL decoupling.
The powder spectra were recorded at an MAS frequency of 10 kHz with radio
frequency (RF) ﬁeld strengths of 50 kHz for 1H and 60 kHz for 13C during
cross polarisation and 90 kHz for 1H SPINAL decoupling with a pulse length
of 5 μs and a phase of 7 degrees. Single crystal spectra were recorded at an
MAS frequency of 5 kHz with a radio frequency (RF) ﬁeld strengths of 55 kHz
for 1H and 60 kHz for 13C during cross polarisation. Variable temperature
cross polarisation magic angle spinning (CPMAS) experiments were performed
in a temperature range of 138 to 473 K. The magic angle was set at room
temperature on the spinning side bands of 79Br.
The powder samples were annealed at 383 K for 1 hour to ensure only the α
polymorph was present at the start of the NMR measurements. Single crystals
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of ∼ 3×1×1 mm (grown by vapour diﬀusion of antisolvent or gel crystallisation)
were placed in a rotor, containing KBr powder on the bottom to ensure the
single crystal was in the middle of the rotor. The rotor was then gently ﬁlled
with KBr powder on top of the single crystal to obtain a well-balanced rotor
for MAS. Adamantane was used as reference sample for the chemical shift,
the 13C peak with the highest chemical shift value corresponds to the CH2 of
adamantane at 38.48 ppm. The spectra were processed using the matNMR
processing package that runs under Matlab.131
The chemical shifts were calculated using density functional theory (DFT)
to determine the assignment of the peaks in the NMR spectrum to the carbon
atoms in the molecule. Geometry optimisation and chemical shift calculations
were executed using CASTEP (Academic Release 6.1).132 The generalised gra-
dient approximation (GGA) with the Perdew, Burke and Ernzerhof (PBE)
exchange-correlation functional and Grimme-06 semi-empirical dispersion cor-
rection was applied.133,134 The methodology was described in more detail by
Li et al.135
4.3 Results and discussion
The solid-state phase transitions between the α, β and γ forms of dl-Nle were
studied using various complementary techniques. DSC measurements were per-
formed both in powders and single crystals, to study the eﬀects of crystal qual-
ity and size on the observed transition temperature, enthalpy and hysteresis.
Moreover, the transitions were monitored in single crystals of varying quality
(as judged by optical inspection) using a polarisation microscope to observe
the speed of the transitions and the optical and morphological changes of the
crystals. The local environments of the atoms within the crystal were probed
using solid-state NMR, which is very sensitive to small changes and disorder
in crystal structures.
4.3.1 Diﬀerential Scanning Calorimetry
In solid state phase transitions the transition enthalpy or ‘heat of transition’
is an important indicator of the thermodynamic stability of the diﬀerent poly-
morphic forms. An endothermic transition enthalpy upon heating indicates
that the transition is enantiotropic and therefore reversible, according to the
heat-of-transition rule.11 The hysteresis in transition onset temperature be-
tween a transition upon heating and cooling is a measure for the kinetic energy
barrier of the transition. This barrier can be inﬂuenced by the amount of de-
fects present in a crystal and the size of the crystal. Therefore, we performed
DSC measurements on dl-Nle powders and single crystals of diﬀerent sizes
and qualities. Previous measurements reported in Ref. 114 were repeated and
elaborated.
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Figure 4.3: (a) The DSC thermogram of dl-Nle powder (5.8 mg) and (b) a few
single crystals (5.8 mg total mass) showing the α ↔ γ transition. A heating rate of
2Kmin−1 was used.
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In powder samples the α ↔ γ transition of dl-Nle is clearly observable as
a large endothermic peak at 391 K during heating (α → γ) and an exothermic
peak at 386 K during cooling (γ → α). In single crystals the transitions are
observed at 392 K and 388 K respectively, as is shown in Figure 4.3. The
peak width and hysteresis are smaller for the single crystals than for pow-
ders using the same heating rate of 2Kmin−1, indicating the transition occurs
faster in single crystals. The transition is reversible and reproducible both
in powders and single crystals using various heating rates and masses of the
sample. This is typical for an enantiotropic ﬁrst-order solid-state phase transi-
tion. The enthalpy of transition is 4.8±0.2 kJmol−1 in a powdered sample and
4.6±0.4 kJmol−1 in single crystals, which corresponds to the reported literature
value.107
Also the β ↔ α transition of dl-Nle was studied in powders and single crys-
tals using DSC (Figure 4.4). This transition proved to be diﬃcult to detect.
In most powder samples, the β ↔ α transition was not observed, as is shown
in Figure 4.4a for a typical measurement. Only in a few measurements per-
formed using a more sensitive detector (not presented here), a very small signal
consisting of a few peaks was observed upon heating at variable temperature
between 303 and 330 K, possibly indicating the β → α transition. However,
these intensities were at the detection limit of the apparatus (2 μW) and no
peaks indicating the α → β transition were observed during cooling down to
133 K.
In general, most single crystals showed more intensity during the β ↔ α
transition than powders with comparable or larger masses. Single crystals
obtained from the same crystallisation experiment gave similar results. Also,
the results of most samples were reproducible in subsequent thermal cycles in
the same crystal. However, some crystals did not show any sign of the β ↔ α
transition, neither during heating nor cooling. Moreover, the presence and
intensity of the peaks indicating an enthalpy change were not clearly related
to the optical quality and size of the crystals, or the crystallisation conditions.
After heating a crystal above the α ↔ γ transition temperature, the signal
from the β ↔ α transition on cooling decreased signiﬁcantly.
Most crystals showed several exothermic peaks of signiﬁcant intensity be-
tween 254 K and 242 K during cooling at a rate of 2Kmin−1 (Figure 4.4b),
which suggests a gradual transformation in several steps from the α to the
β polymorph. The peaks upon cooling typically occurred at slightly diﬀerent
temperatures within a range of 5 K and had diﬀerent intensities for each crystal
and for subsequent thermal cycles of the same crystal. The maximum observed
enthalpy of transition was 0.3 kJmol−1 in a crystal of reasonable quality, as
judged by polarisation microscopy, grown by antisolvent evaporation and with
a size in the order of 3×1×1 mm. The enthalpy value was reproducible in three
subsequent temperature cycles for the α → β transition shown in Figure 4.4b.
However, this is probably an underestimation of the real transition enthalpy,
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Figure 4.4: (a) The DSC thermogram of dl-Nle powder (5.8 mg) in the tempera-
ture range between 230 and 380 K. No peaks indicating the β ↔ α transition were
observed. (b) The DSC thermogram of three temperature cycles between 230 and
380 K of a single crystal of dl-Nle (1.0 mg) showing several peaks of varying intensity
between 254 and 244 K during cooling, indicating the α → β transition. The cooling
curves were given an oﬀset indicated by the arrow for clarity. During heating of the
crystal some broad peaks were observed between 268 and 273 K, indicating the β → α
transition. For both a heating rate of 2Kmin−1 was used.
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since many crystals transform over a broad temperature range, as was shown
by thermal microscopy and solid-state NMR measurements described further
on, and therefore the enthalpy change is spread out over a large temperature
range and becomes diﬃcult to observe.
For most single crystals in which the α → β transition was observed, no
distinct peak was observed during the heating process, but rather a broad
low intensity peak between 268 and 273 K, possibly indicating the β → α
transition. However, in other crystals the β → α transition manifested itself
as a very broad peak at temperatures between 293 and 303 K or a smaller
peak around 333 K, so the hysteresis of the β ↔ α transition could not be
reliably determined from these measurements. Moreover, in most crystals the
intensities of the peaks decreased or disappeared with increasing heating rate
up to 10Kmin−1. Again, the transition during heating is probably spread out
over a large temperature range, which makes it diﬃcult to distinguish the signal
from the baseline.
Summarising, the DSC results of dl-Nle clearly showed that the α ↔ γ
transition is reversible and well-deﬁned at 390 K with a small hysteresis in
both powder and single crystals. However, the β ↔ α transition was not
signiﬁcantly visible for powder samples, but it was observed in most single
crystals that were examined. The low transition enthalpy indicates that the
β ↔ α transition is only slightly energetically favourable. Diﬀerent domains
in the crystal probably transform at diﬀerent temperatures according to the
various peaks in the DSC thermogram. E.g. solvent inclusions, the defect
density and a thermal gradient over the crystal can lead to local variations
in the energy barrier and thus strongly inﬂuence the speed of transition. The
transition appears to be even more gradual or continuous during the heating
cycle, since it mostly shows up as a broad peak. This is remarkable, since the
energy barriers are expected to be similar for the transition in both directions,
but the thermal energy above the transition temperature is higher and should
therefore enhance the transition probability.
4.3.2 Thermal stage polarisation microscopy
Single crystals of dl-Nle were subjected to diﬀerent temperature proﬁles using
a thermal stage under a polarisation microscope to visualise the β ↔ α and
α ↔ γ phase transitions. In this way, the phase transition mechanisms cannot
be directly observed, but only their manifestations on a macroscopic scale. That
is, the inﬂuence of crystal size and quality on the optical and morphological
behaviour of the crystals during the transitions could be investigated.
The α ↔ γ phase transition of dl-Nle was easily visualised under polarised
light in all crystals that were examined. The α → γ and γ → α transitions
typically occurred around 392 K during heating and 391 K during cooling,
respectively, within a small temperature range of 1-2 K, in correspondence
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(a) Phase transition during heating (α → γ).
(b) Phase transition during cooling (γ → α).
Figure 4.5: Thermal stage polarisation microscopy snapshots of a high quality single
crystal of dl-Nle at diﬀerent temperatures during the α ↔ γ transition. The crystal
is viewed from the side, the layers of the crystal are perpendicular to the plane of the
image. During the transition the crystal delaminated due to the anisotropic lattice
expansion and the top part toppled over. A movie of this transition is available as
Supporting Information.
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with the DSC results. The observed transition temperature varied about 1-2 K
between diﬀerent crystals, probably due to diﬀerences in thermal contact that
resulted in a small temperature oﬀset for the transition.
Stress accumulation during the transition results in cracking across the lay-
ers and in some cases delamination of the crystal perpendicular to the plane
of the layers. Figure 4.5 shows a crystal viewed along a direction in the plane
of the layers during the α ↔ γ transition, using a heating rate of 2Kmin−1.
The α → γ transition resulted in delamination of this crystal during heating at
394 K. Multiple transition fronts propagated through the crystal in the plane
of the layers, the whole crystal transformed within a 1 K temperature range
and within about 30 seconds. During the γ → α transition between 392 and
390 K, the crystal showed ‘jumping crystal’-behaviour as the top part became
completely detached from the bottom part, due to the anisotropic nature of the
transition.136–138 This shows that the interactions between layers of the crystal
can easily be broken during the transition, these most likely correspond to the
relatively weak Van der Waals interactions between the bilayers. In subsequent
thermal cycles around the α ↔ γ transition temperature, the top part always
transformed at a slightly lower temperature than the bottom part, during both
heating and cooling cycles, probably due to improved thermal contact in this
orientation.
The γ structure has a larger volume and anisotropic lattice expansion com-
pared to the α structure, due to the large diﬀerence in the a-axis perpendicular
to the bilayers of the unit cells of the two forms. As a result, the crystals showed
some cracking due to mechanical stress after the α → γ transition upon heat-
ing. After the reverse transition γ → α upon cooling, some crystals were so
damaged that the polarisation colours became faint. Since not all layers in the
crystals transform at exactly the same moment, multiple fronts coming from
diﬀerent directions were subsequently visible for the diﬀerent layers or domains
in a crystal. The transition fronts usually originated from either the corner of
the crystal or a visible defect-site. A transition front is the propagation front of
the new polymorphic form, thus indicating a nucleation-and-growth transition
mechanism for the various layers.
The β ↔ α transition shows quite a diﬀerent behaviour in dl-Nle crystals.
In most cases, the α → β transition started between 260 and 243 K, depending
on the crystal, and was observed as rotational and translational movement
of the entire crystal at various temperatures (in some cases down to 180 K)
upon cooling, sometimes accompanied by movement of the domains of layers
relative to each other. However, these movements were often not reproducible
in subsequent thermal cycles. Movements of the crystal indicating the β →
α transition upon heating mostly started between 280 and 303 K, but the
transition was observed in a large temperature range that varied up to 372 K,
which shows there is an enormous hysteresis and variation in this transition.
In some crystals a transition front was visible that propagated at a rate that
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(a) Phase transition during cooling (α → β).
(b) Phase transition during heating (β → α).
Figure 4.6: Thermal stage polarisation microscopy snapshots of a single crystal of
dl-Nle at diﬀerent temperatures during the β ↔ α transition. The transition occurs
gradually over a large temperature range. The crystal is viewed from the side, the
layers of the crystal are perpendicular to the plane of the image. The arrows indicate
the part of the crystal where the transition is visible. A heating rate of 2Kmin−1
was used. A movie of this transition is available as Supporting Information.
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varied over the surface of the crystal, suggesting a strong inﬂuence of the defect
density on the speed of transition. However, most crystals showed very fast
(almost instantaneous) movement, so that no front could be observed in the
snapshots.
When viewed in the direction of the plane of the layers, some small high
quality single crystals showed small changes in the polarisation colour that
indicate subsequent movements of layers of the crystal relative to each other
upon cooling and heating. During all these movements the single crystals
remained intact and showed no sign of cracking. The β → α transition of a
high quality single crystal viewed along a direction in the plane of the layers is
shown in Figure 4.6. This crystal showed a change in the polarisation colour
of only a small part of the crystal upon cooling at 222 K as indicated by the
arrows. However, the transition upon heating is clearly visible at relatively
high temperatures between 339 and 369 K as subsequent polarisation changes
in layers of the crystal. In subsequent thermal cycles this crystal started the
α → β and β → α transitions around 243 K and 303 K respectively, which is
similar to other crystals.
In summary, these results show that a domain of layers transforms relatively
fast within the layers during the β ↔ α transition, but the various domains
of the crystal mostly transform independently, due to the relatively weak Van
der Waals interactions between the bilayers, resulting in an overall relatively
slow transition rate compared to the α ↔ γ transition. The behaviour of the
dl-Nle crystals during thermal treatment for the β ↔ α transition appears to
be highly dependent on the history of the crystal and the heating rate. Often,
movements of layers are only visible during the ﬁrst temperature cycle unless
a low heating rate of 2Kmin−1 is used. Also, not all crystals that show an
enthalpy change in the DSC show optical signs of a phase transition under the
thermal stage microscope, and vice versa. Therefore, it is not clear whether
the transition is complete in these crystals. Our previously published SCXRD
results114 showed a large and variable temperature range for which both phases
coexisted, which is supported by our current ﬁndings.
4.3.3 Solid-state NMR
Solid-state NMR distinguishes between magnetically inequivalent atoms in a
crystal, which is for carbon in the present systems equal to the number of C
atoms in the asymmetric unit. Small changes in the local environment of atoms
can be observed and this technique can thus be used to quantitatively describe
the impact of a transition on the diﬀerent atoms. This can help determine the
extent to which a compound transforms and to study the diﬀerence between
powder and single crystals.
The 13C-spectrum of dl-Nle was measured at variable temperature with
high resolution and suﬃcient signal-to-noise ratio (SNR). This required the
62
519853-L-bw-Smets
Processed on: 27-6-2018 PDF page: 71
transfer of the magnetisation of the highly abundant protons to the low natural
abundance 13C atoms via cross-polarisation (CP), while spinning the sample at
high speed around the magic angle (MAS) and using a decoupling sequence on
the proton channel, to average out the most important line-broadening interac-
tions in the system. Although the temperature was controlled, a temperature
gradient within the rotor of a few degrees cannot be excluded.
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Figure 4.7: Solid-state 13C CPMAS NMR spectrum of a powdered sample of α
dl-Nle at room temperature. Six distinct peaks are visible for the diﬀerent carbon
atoms in the molecule, the peak labels correspond to the assignment of the atoms in
Figure 4.1.
dl-Nle powder shows six distinct peaks in the solid-state 13C CPMAS NMR
spectrum, one for each carbon atom in the asymmetric unit at room tempera-
ture, as is shown in Figure 4.7. The 13C NMR peaks are assigned to the carbon
atoms of the molecule as shown in Figure 4.1 according to DFT calculations
for the α and β forms using CASTEP.132,135
The α ↔ γ transition of dl-Nle powder is clearly observable in the 13C CP-
MAS NMR spectra that were measured at various temperatures during heating
and subsequent cooling, as is shown in Figure 4.8. Below the transition temper-
ature of 391 K only the α form is present; around the transition temperature
both polymorphs are present in more or less equal amounts, as can be seen by
the double peaks for C3, C4, C5 and C6 at 393 K in the NMR spectrum. This
can be due to coexistence of the two phases at this speciﬁc temperature, but
more likely it is due to a temperature gradient in the rotor. Above the tran-
sition temperature the powder is completely transformed to the γ polymorph,
since the peaks of the α form have disappeared while the γ peaks are retained.
For the γ form the peaks of C3, C4, C5 and C6 were shifted to lower chemical
shift values (0.8 ppm) compared to the α phase. Peak 1 showed line broadening
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(a) 13C NMR powder spectra of dl-Nle during heating.
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(b) 13C NMR powder spectra of dl-Nle during cooling.
Figure 4.8: Solid-state 13C CPMAS NMR spectra of a powdered sample of dl-Nle
at various temperatures, showing the α ↔ γ transition. Six distinct peaks are visible
for the diﬀerent carbon atoms in the molecule at room temperature. Peak labels refer
to Figure 4.1. (a) The 13C NMR spectra during heating showed the α → γ transition
occurred around 393±5 K. (b) The 13C NMR spectra during cooling showed the
γ → α transition occurred between 393 and 383 K.
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due to the temperature dependence of the setting for the magic angle, which
was only set at room temperature for these measurements, while peak 2 was
broadened due to the quadrupole-dipole interaction of the N1-atom with the
C2. Therefore, the exact eﬀect of the phase transition on peaks 1 and 2 is
diﬃcult to determine from these measurements, although it is expected to be
small since this hydrogen-bonded part of the structure does not change signif-
icantly between the two polymorphic forms. The linewidths of the other 13C
resonances are hardly aﬀected by the slight temperature dependent deviation of
the magic angle, as their anisotropies are inherently small. The CPMAS NMR
measurements during cooling clearly showed that the reverse γ → α transition
occurred between 393 and 383 K, since the peaks assigned to the γ form dis-
appeared below 383 K and new peaks appeared that could be assigned to the
α form. These results are in agreement with the transition temperatures and
hysteresis observed in the DSC measurements.
The α → β transition of dl-Nle powder was measured at various temper-
atures during cooling, but the transition was far from complete at the lowest
temperature of 138 K, as is shown in Figure 4.9a. The α → β transition was
only visible in C6 as a shoulder on the left side of the peak. Therefore, only
changes in the C6 will be shown when the β ↔ α transition is described in
more detail further on.
Comparison of the phase transitions
For comparison of the α ↔ γ and β ↔ α transitions, the chemical shifts of
the 13C CPMAS NMR spectra of dl-Nle powder are shown as a function of
temperature in Figure 4.10. Only the C3 to C6 aliphatic chain carbons are
shown, since no signiﬁcant change appeared in the chemical shift values of C1
and C2 during the phase transitions. It is clear that the changes occurring in
the chemical shift during the phase transitions are signiﬁcant compared to the
small slope of the chemical shift as a function of temperature due to thermal
expansion of the crystal lattice.
The α ↔ γ transition causes relatively large changes of 0.8 ppm in C3 to
C6 of the carbon chain, while the β ↔ α transition only signiﬁcantly aﬀects
the chemical shift of C6 with a change of 0.4 ppm. This can be understood
considering the diﬀerences between the known crystal structures of the dl-Nle
polymorphs, since the β ↔ α transition only involves a change in the packing
of the bilayers by a shift in the [011] direction, while the α ↔ γ transition
also involves a large change of the N1-C2-C3-C4 torsional angle. This torsional
angle strongly inﬂuences the conformation of the molecule in the structure and
therefore the orientation of the aliphatic chain in the γ polymorph is diﬀerent
from the α polymorphic form, while the hydrogen-bonded part of the molecule
remains similar. Therefore, the distances between the aliphatic chain of one
molecule and the atoms in neighbouring molecules change signiﬁcantly, which
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(a) 13C NMR powder spectra of dl-Nle during cooling.
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(b) 13C NMR spectra of a dl-Nle single crystal during cool-
ing.
Figure 4.9: (a) Solid-state 13C CPMAS NMR spectrum of dl-Nle powder at 273 K
and after cooling to 138 K. Six distinct peaks are visible for the diﬀerent carbon atoms
in the molecule, but only C6 shows a small diﬀerence in the chemical shift for the α
and β polymorphic forms. At 273 K only the α form is present, while at 138 K a
mixture of α and a smaller amount of β is visible from the shoulder on the left side of
the C6 peak. (b) Solid-state 13C CPMAS NMR spectrum of a single crystal of dl-Nle
at room temperature and after cooling to 198 K. Peak C1 shows peak splitting due to
the small deviation from the magic angle at low temperature. At room temperature
only the α form is present, while at 198 K a mixture of β and a small amount of α is
visible. Peak labels refer to Figure 4.1.
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Figure 4.10: Solid-state 13C CPMAS NMR chemical shift values of C3 to C6 of
dl-Nle powder at diﬀerent temperatures during heating and cooling. The chemical
shifts of the three polymorphic forms are shown in diﬀerent colours and symbols. The
α ↔ γ transition is shown around 393 K and the onset of the β ↔ α transition upon
cooling is shown at 248 K. Peak labels refer to Figure 4.1.
results in a relatively large change of the chemical shift.
Since the β ↔ α transition is measurable in single crystals with DSC, but
not in powders, we studied the diﬀerence between powders and single crystals
further using solid-state NMR. The progression of the α → β transition of
dl-Nle powder and single crystals were compared during cooling.
The low temperature phase transition: powder versus single crystal
In Figure 4.9b two 13C NMR spectra of a single crystal are shown. The SNR is
lower for the single crystal spectra compared to the powder spectra in Figure
4.9a, because the amount of sample was much smaller and the measurement
time was similar. At room temperature only the α form is present in the single
crystal, but after cooling to 198 K a mixture of the α and β form can be
observed, showing that the α and β forms can coexist in a single crystal. The
relative amount of β compared to α for a single crystal is already much larger
at 198 K than for a powder at 138 K. This is shown in more detail in Figure
4.11.
The 13C NMR spectra of dl-Nle powder were measured at various temper-
atures between 293 and 138 K, after which the powder was heated again to
303 K. As can be observed in Figure 4.11a, at 248 K a small peak appears at a
0.4 ppm higher chemical shift than the C6 (methyl) peak around 15 ppm, and
the intensity increases at the expense of the original C6 peak intensity when
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(a) 13C NMR powder spectra of the α →
β transition in dl-Nle during cooling.
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(b) 13C NMR spectra of the α → β tran-
sition in a dl-Nle single crystal during
cooling.
Figure 4.11: Solid-state 13C CPMAS NMR spectra of dl-Nle at diﬀerent temper-
atures during the α → β transition upon cooling. Only the C6 chemical shift is
diﬀerent for the α and β forms and is therefore shown here. Peak labels refer to
Figure 4.1. (a) In powders the α → β phase transition is incomplete down to 138 K.
(b) In a single crystal the α → β phase transition is almost complete at 198 K.
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the sample is cooled down further. However, the intensity remained limited
to about 1/3 of the intensity of the original peak. This new peak indicates a
partial transformation to the β phase, but the phase transition in the powder is
far from complete at 138 K. When the sample is heated to 303 K (not shown),
the intensity of the new peak decreases, but it still remains visible.
Repeating these measurements on a single crystal of suitable size for NMR
yields a diﬀerent result, as is shown in Figure 4.11b. The peak positions of
the signals of the six carbon atoms are similar to those in the powder samples.
During cooling, the β-phase C6 peak becomes visible between 263 and 253 K,
similar to what happened for the powder sample. However, upon further cool-
ing the relative peak intensity of the β-phase C6 peak increases faster than
for the powder. At 198 K, about 75% of the α polymorph of norleucine is
transformed to the β polymorph in this single crystal. This behaviour is repro-
ducible in other single crystals, where cooling to 173 K resulted in a complete
transition to the β polymorph, since no signiﬁcant amount of the α polymorph
was observed at that temperature.
These results conﬁrm that there is a large hysteresis in this process and
that the kinetics of the α → β transition are faster in a single crystal than in
a powder. However, not only in a powder, but also in a ‘single crystal’, the α
and β form can coexist over a large temperature range.
4.3.4 Transition temperature and mechanism
The onset of a phase transition is dependent on its activation energy, result-
ing in hysteresis in the observed transition temperature. Therefore, it can be
diﬃcult to determine or estimate the thermodynamic transition temperature,
at which two phases are in thermodynamic equilibrium, for transitions with a
large hysteresis.
The α ↔ γ transition temperature is estimated from DSC measurements
at 390±1 K both in powders and single crystals. However, for the β ↔ α
transition it is diﬃcult to determine ‘the’ transition temperature, since this
temperature is badly reproducible and diﬃcult to observe, and shows a large
hysteresis. The α → β transition occurs at 253±5 K in single crystals according
to DSC measurements. Polarisation microscopy showed that the transition
started in one crystal at 259 K and continues in some cases to temperatures as
low as 213 K. Single crystals in solid-state NMR require cooling to 173 K for
a complete transition. The transition temperature of powder samples is even
less well-deﬁned due to the large spread in transition temperature for diﬀerent
crystallites in the powder, resulting in a very broad low intensity DSC signal.
However, solid-state NMR showed the onset of the α → β transition in powders
at 248±5 K. For the reverse transition β → α during heating, the onset of the
transition in single crystals using polarisation microscopy varied between 280
and 323 K. Furthermore, the transition was only observable in a few DSC
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measurements between 268 and 303 K in single crystals, and between 303 and
330 K in powders just above the detection limit. In solid-state NMR the β → α
transition started during heating between 293 and 323 K in single crystals
and below 303 K in powders. From these observations the thermodynamic
transition temperature of the β ↔ α transition is estimated to lie between
259 and 268 K, since these are the highest temperature found for the α → β
transition during cooling and the lowest temperature found for the β → α
transition during heating, respectively.
The large diﬀerence in β ↔ α transition behaviour between powders and
single crystals is presumably caused by the higher defect density of our powder
samples, since defects were introduced during grinding. Defects probably play
a twofold role in the solid-state phase transitions of dl-Nle. On the one hand,
they act as nucleation centres that can initiate the transition. On the other
hand, defects create a barrier against cooperative motion.
In our previous computational work, we showed that dl-Nle shows coop-
erative motion.114 These simulations showed the simultaneous movement of
all molecules in one bilayer during the β → α phase transition, although we
were not able to simulate the complete shift in both directions using MD. This
cooperative motion probably only occurs on a small molecular scale, because
the kinetic barrier would otherwise be too large, but its transition front can
propagate through the crystal.
The coexistence of the α and β phase over a large temperature range in
single crystals, which was observed both in previous SCXRD measurements
and the present solid-state NMR results, indicates that the β ↔ α transition
in single crystals is still relatively slow compared to the α ↔ γ transition and
probably kinetically hindered. This is remarkable, since the structural change
in the β ↔ α transition is much smaller than in the α ↔ γ transition. The
kinetic barrier of the α ↔ γ transition is expected to be larger than the one
of the β ↔ α transition, since both transitions entail cooperative motion and
the displacement of complete layers, but the α ↔ γ transition also involves a
conformational change of the molecules. However, the available thermal energy
is signiﬁcantly higher at the transition temperature of the α ↔ γ transition,
although this is not expected to be the main factor determining the diﬀerence.
Probably, the α and β forms can coexist without enforcing much stress to the
crystal, since the structures are so similar.
In contrast, the α ↔ γ transition involves a relatively large volume and
conformational change, so that once the initial transition has nucleated by
overcoming a local barrier, it is energetically more favourable to continue due
to the possible stress relieve at the boundaries of the crystal. Defects mainly
act as nucleation centres in this case, increasing the speed of transition by
initiating the transition at many diﬀerent locations in the crystal.
The β ↔ α transition occurs much more distinct for the individual lay-
ers, probably through cooperative motion, resulting in a fast transition speed
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within a layer, but an overall slow transition rate. This transition has only a
very small driving force at low overheating or -cooling, since the energies and
enthalpies of α and β are so similar, and would therefore be slowed down by the
presence of defects. When a local barrier is overcome, the next defect can stop
the transition from progressing or can slow it down. The higher the quality
of the crystal and the larger the domain size, the smaller the probability of
encountering a defect that slows down the transition. This explains the large
diﬀerence in behaviour between powders and single crystals for the β ↔ α
transition. It is diﬃcult to state whether the quality or the size of the crystal
is responsible for this diﬀerence, since the measurements of single crystals were
quite variable, but the amount of surface defects is usually higher in a powder.
4.4 Conclusion
The solid-state phase transitions between the α, β and γ forms of dl-norleucine
were studied using DSC, thermal stage polarisation microscopy and solid-state
NMR. The α ↔ γ transition behaves as a typical ﬁrst-order solid-state phase
transition. The transition is fast, reproducible and clearly observable with DSC,
solid-state NMR and thermal microscopy at 390±1 K with a small hysteresis.
The results from the combination of techniques lead to the conclusion that
during the β ↔ α transition, individual layers transform fast, since the struc-
tural change is very small, but the overall transition rate is low, because do-
mains of layers transform independently. Therefore, the β ↔ α transition is
smeared out over a large temperature range, which results in coexistence of
the two forms in a ‘single crystal’ without much stress. This behaviour of the
β ↔ α transition is consistent with cooperative motion within the individual
layers. Defects act both as nucleation centres that can initiate the transition as
well as a barrier to cooperative motion. Since the defect density inﬂuences the
speed of transition, diﬀerent parts of the crystal with diﬀerent defect densities
can transform at diﬀerent temperatures. In contrast, the α ↔ γ transition that
involves a large volume and conformational change, propagates fast to relieve
stress once the transition is initiated.
In summary, the α ↔ γ transition was easy to measure and energetically
favourable, while the less favourable β ↔ α transition was diﬃcult to observe
and had a range of coexistence of several tens of degrees. The latter type
of transitions can easily be overlooked with conventional polymorph screening
methods, such as DSC measurements on powdered samples. However, as we
show here, more sensitive methods, such as thermal polarisation microscopy
and solid-state NMR, can be applied to make these transitions apparent. We
further conclude that the quality and size of the crystal play a crucial role in the
extent to which the phase transformation can occur and at which temperature.
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Chapter 5
Understanding the
single-crystal-to-single-crystal
solid-state phase transition of
DL-methionine
The solid-state phase transition between the low temperature β and the high
temperature α forms of dl-methionine was characterised in detail using DSC,
SCXRD, thermal stage polarisation microscopy and solid-state NMR. The
thermodynamic transition point of the α ↔ β transition of dl-methionine
was determined to fall between 306 and 317 K. The transition is kinetically
hindered, as is indicated by a large hysteresis. Moreover, the transition rate
during cooling is signiﬁcantly lower than during heating and there is a large
temperature region of coexistence. The kinetic barriers involved are lower
for single crystals than for powders. dl-methionine crystals consist of 2D
hydrogen-bonded bilayers interconnected by weak Van der Waals interactions.
The crystals transform layer-wise, without complete delamination or deterio-
ration, and with a transition front that propagates perpendicular to the layers
and a relatively fast transition within one layer. The fast kinetics within the
plane of the layers, combined with the faster kinetics in single crystals, indicate
that cooperative motion could play a role in this single-crystal-to-single-crystal
phase transition.
This chapter has been published as:
M.M.H. Smets, S.J.T. Brugman, E.R.H. van Eck, P. Tinnemans, H. Meekes and
H.M. Cuppen, “Understanding the single-crystal-to-single-crystal solid-state
phase transition of dl-methionine”, CrystEngComm 18, 9363-9373 (2016), dx.
doi.org/10.1039/c6ce02079h.
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5.1 Introduction
Polymorphism is the ability of a compound to crystallise in more than one crys-
tal structure, which is a very common phenomenon in molecular crystals.1,108
Physical properties such as solubility, dissolution rate, and melting point de-
pend strongly on the intermolecular interactions in the crystal structure, and
can therefore diﬀer signiﬁcantly between polymorphic forms. The thermody-
namic stability of a polymorphic form depends on its Gibbs free energy relative
to the other forms. In a monotropic system, no well-deﬁned solid-state tran-
sition temperature exists, since there is no crossover point of the Gibbs free
energy curves of the polymorphic forms below the melting point. In these
systems, only irreversible solid-state transitions can occur from a metastable
phase, which was formed kinetically, to the stable form. Enantiotropic sys-
tems, on the other hand, have at least one such transition point where the
Gibbs free energies of two polymorphic forms are equal, and one can reversibly
change between these forms by varying the temperature and thus alter their
relative stability. However, the rate of this transition depends on energy barri-
ers involved. Especially in molecular crystals, the barrier for transformation is
generally high due to hindered molecular rearrangement, which can hamper or
prevent a thermodynamically reversible (enantiotropic) phase transition from
occurring.109
If a polymorphic form is metastable, it can transform to another
polymorphic form via (partial) dissolution and recrystallisation, i.e. solvent-
mediated,110 or in the solid state.65 Solid-state phase transformations form a
considerable issue in the pharmaceutical industry, because they can limit the
shelf-life of polymorphic forms of active pharmaceutical ingredients (APIs) in
medicines. Moreover, the emergence of the stable form can even jeopardise
the production process. A transformation to another polymorphic form can
change the bioavailability and thereby lead to an ineﬀective or even dangerous
dose. Ultimately, the understanding of polymorphic phase transitions will
allow for the control of polymorphic forms by promoting or inhibiting these
transitions.
The Ehrenfest classiﬁcation of reversible solid-state phase transitions is
based on the order of the derivative of the Gibbs free energy for which a dis-
continuity appears, which led to the distinction of ﬁrst order (ﬁrst derivative
discontinuous) and second order (ﬁrst derivative continuous) phase transitions.
In the 1970s, Mnyukh developed the classical nucleation-and-growth theory for
solid-state phase transitions of molecular crystals. This involves the molecule-
by-molecule rearrangement via microcavities, either with or without an orien-
tational relationship between the mother and daughter phases.61,111 However,
it has been argued that polymorphic systems with very similar crystal struc-
tures could exhibit displacive transitions with cooperative motion.65 Cooper-
ative motion has already been employed to explain thermosalient behaviour,
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where crystals convert heat into mechanical motion by jumping, which often
involves rapid motions.7 As was recently discussed by Brandel et al., the Ehren-
fest classiﬁcation of ﬁrst and second order phase transitions does not address
several issues observed in molecular crystals, such as cooperative or concerted
motion.43 Therefore, it is necessary to obtain a deeper understanding of the
possible mechanisms of molecular phase transitions, to ultimately arrive at a
comprehensive theory.
Here, we report on the phase transition between the two polymorphic forms
of dl-methionine (dl-2-amino-4-(methylthio)butanoic acid, dl-Met), a non-
polar α-amino acid with an aliphatic S-methyl side chain, shown in Figure 5.1.
dl-Met is not unique in its polymorphism and its single-crystal-to-single-crystal
solid-state phase transition. Several other experimental studies of racemates of
similar amino acids have shown reversible solid-state phase transitions, such as
dl-2-aminobutyric acid, dl-norvaline and dl-norleucine (dl-Nle) (see Refer-
ences87,118,121,122,139 and references therein), as well as co-crystals of diﬀerent
combinations of the aforementioned amino acids (quasiracemates).130
Figure 5.1: l-Methionine molecule showing the assignment of the atoms. The yellow
atom represents sulfur.
Previously, we showed that in the case of dl-Nle the rate of transformation
was much lower in powders than in single crystals for the low temperature
solid-state phase transition.139 From this we concluded that the phase transi-
tion most likely proceeds through cooperative motion. Moreover, dl-Nle has
been used as a model system in several computational studies, mainly molecular
dynamics (MD) simulations, to elucidate the solid-state phase transition mech-
anism.74,91,93,114 Nevertheless, many questions concerning the phase transition
mechanism of this family of materials still remain. In this paper, the solid-state
phase transition of dl-Met is studied in situ using several complementary tech-
niques. Although the structures of the polymorphic forms of dl-Met have been
redetermined several times during the last decades, the phase transition itself
and its mechanism have not been described in detail so far. By combining the
results of these various methods, we deduce the probable mechanism of the
transition.
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5.1.1 DL-Methionine
The polymorphism of dl-Met has been described for the ﬁrst time by Math-
ieson in 1952.140 In the following decades, the crystal structures of the low tem-
perature β form and the high temperature α form, with a reported transition
point at 326 K, have been redetermined at various temperatures.123,125,127–129
Both polymorphic forms are monoclinic, the β form has space group C2/c,
and the α form has space group P21/c. In the remainder of the paper we will
use however alternative settings, I2/a and P21/a respectively, to aid the com-
parison between the structures. The unit cell parameters of the most recently
determined structures with two settings for each polymorphic form are shown
in Table 5.1. It is clear from the alternative settings that the cell parameters
are very similar apart from the monoclinic angle and the c axis, which doubles
in length going from α to β.
Table 5.1: Lattice parameters of the two known polymorphs of dl-Met127,129 in two dif-
ferent settings for each polymorphic form.
Polymorph β-form129 α-form127 β-form α-form
Space group C2/c P21/c I2/a P21/a
CSD entry DLMETA09 DLMETA07
Temperature (K) 320 340 320 340
a (Å) 31.774 16.811 9.8939 9.886
b (Å) 4.6969 4.7281 4.6969 4.7281
c (Å) 9.8939 9.886 33.0764 16.811
β (◦) 91.224 101.951 106.177 101.951
V (Å3) 1476.22 768.751 1476.22 768.751
V per molecule (Å3) 184.52 192.19 184.52 192.19
Z / Z’ 8 / 1 4 / 1 8 / 1 4 / 1
The structures of both polymorphic forms consist of ld–ld hydrogen-
bonded bilayers with Van der Waals interactions between the bilayers, thus
containing strongly anisotropic interactions, see Figure 5.2. The polymorphic
forms diﬀer in the conformation of the molecules and the stacking of the
bilayers by a translation of approximately half a unit cell length along the
[100] and [010]-direction for every other bilayer.
According to a recent paper of Drebushchak et al.,69 two types of con-
formational polymorphic transformations can be distinguished; isostructural
conformational transformations, involving only changes in the molecular con-
formation and leaving the packing intact, and reconstructive conformational
transformations, involving changes in both the packing and the conformation
of the molecules. Although the packing of the molecules in the hydrophobic
part changes during the phase transition in dl-Met, the transition appears to be
of the ﬁrst type, since the hydrogen-bonding pattern remains the same and the
transition only involves changes in the weak Van der Waals bonds. Typically,
only isostructural conformational transitions can proceed in a single-crystal to
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single-crystal fashion.
The most recent redeterminations by Gørbitz et al.127,129 indicate that the
β form has no disorder up to 320 K, but the α form exhibits a major (95%) and
minor (5%) conformation at 340 K. The torsional angles of the L-enantiomer
are gauche-, trans, trans for the β form, gauche-, trans, gauche+ for the major
conformation of the α form and gauche+, trans, gauche+ for the minor confor-
mation, as is shown in Figure 5.3. Moreover, the structure reﬁnements of both
polymorphic forms show a signiﬁcant deviation from the idealised geometry,
which is often assumed in structure reﬁnement, for the H-atoms of the amino
group.
Although in some papers a γ form is mentioned,141 a crystal structure
of γ-dl-Met has never been published to our knowledge. Grunenberg et al.
mentioned a small change in the slope of the DSC thermogram at 380 K.80
Herbstein et al.65 attributed this change to a phase transition to the γ form
found by Matsuoka et al.141 This form was however obtained by cooling crys-
tallisation (278-348 K) or with speciﬁc acids. We obtained the atomic positions
of the γ form in a C2 setting with Z’=2 from the latter authors and compared
it using Mercury142 to the low temperature β form in a C2/c setting with Z’=1
(DLMETA09 from the Cambridge Structural Database (CSD)143), which was
recently redetermined.129 We could not observe any diﬀerences between both
forms in conformation or molecular arrangement, except for the NH3 hydrogen
atoms that were not fully determined in the γ form.
5.2 Experimental
5.2.1 Materials
dl-Methionine (≥99%) was purchased from Sigma Aldrich. Single crystals
were grown using various methods, to obtain crystals of diﬀerent qualities and
sizes. The preferred method to obtain high-quality crystals, as judged by op-
tical microscopy and X-ray diﬀraction, was the hanging drop method. Crys-
tals (∼1x0.2x0.2 mm) were grown on a siliconised cover slip either with 10 μL
droplets of 14mgmL−1 to 28mgmL−1 dl-Met in water and vapour diﬀusion of
5-45 % ethanol in water as antisolvent, or 10 μL droplets of saturated solution
of dl-Met without an antisolvent. Larger single crystals were grown by slow
evaporation of a saturated solution, both with and without a seeding crystal.
The dl-Met crystals were gently handled to prevent cleavage. Powder for DSC
and solid-state NMR experiments was prepared by grinding crystals obtained
by cooling or evaporation crystallisation.
Fully 13C and 15N labelled l-methionine-13C5,15N and natural abundance
d-methionine were also purchased from Sigma Aldrich. d-Met:l-Met-13C5,15N
(dl-Met-l-13C5,15N) was recrystallised from an equimolar mixture of the two
enantiomers by evaporation, resulting in 13C-enriched powder suitable for 2D
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(a) (b)
(c)
Figure 5.2: dl-Met crystal structures of the two known polymorphs α (CSD entry
DLMETA07 in a P21/a setting, only major conformation is displayed) and β (CSD
entry DLMETA09 in a I2/a setting) viewed along two directions, showing (a) the
ac-plane and (b) the bc-plane (top: α form, bottom: β form). l-Met molecules
(absolute conﬁguration S) are depicted in yellow, d-Met molecules in blue. The
molecular conformations in the β and α forms are clearly diﬀerent because of the
C3-C4-S-C5 torsional angle. There is also a diﬀerence in bilayer stacking; in the β
form every second bilayer is displaced along [110] compared to the α form. (c) An
overlay of the ac-plane of the two polymorphic forms, the α form is depicted in blue,
the β form in yellow.
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Figure 5.3: The conformation of l-Met in (a) the β polymorph (CSD entry DL-
META09), and the (b) major conformation and (c) minor conformation in the α
polymorph (CSD entry DLMETA07) of dl-Met.
Incredible Natural Abundance DoublE QUantum Transfer Experiment (2D-
INADEQUATE) solid-state NMR measurements.
5.2.2 Diﬀerential scanning calorimetry
DSC measurements were performed using a Mettler Toledo DSC1 calorimeter
with a high sensitivity sensor (HSS8), in combination with LN2 liquid nitro-
gen cooling, a sample robot and STARe software 13.00a. Powder samples and
single crystals of dl-Met were heated and cooled with rates of 2Kmin−1 to
1Kmin−1 in the temperature range of 133 to 433 K. Samples of a few mil-
ligrams were sealed in an aluminium pan (40 μL) and the heat ﬂow was mea-
sured compared to an empty reference pan as a function of temperature. The
calorimeter was calibrated with the melting points of indium (Ton = 429.5 K
and ΔH = −28.13 J g−1) and zinc (Ton = 692.85 K and ΔH = −104.77 J g−1),
both supplied by Mettler Toledo.
5.2.3 Single crystal X-ray diﬀraction
Unit cell measurements of dl-Met were collected on a Nonius KappaCCD
diﬀractometer with a sealed tube (Mo Kα radiation) and graphite monochro-
mator (λ = 0.71073 Å) using φ and ω scans. The scans were measured during
cooling and heating between 113 and 400 K with a cooling rate of 5Kmin−1.
The unit cells were determined from the scans using the Nonius “EvalCCD”
program suite software.94 At each temperature, the unit cell that was in best
agreement with the measurement and the known space groups for the phases
was chosen.
High temperature measurements of dl-Met single crystals were collected on
a Bruker D8 Quest diﬀractometer with a sealed tube (Mo Kα radiation) and
a Triumph monochromator (λ = 0.71073 Å). A heating rate of 1.7Kmin−1
was used. The full data sets were measured at 338 and 420 K. The soft-
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ware package used for the intensity integration was SAINT.144 Absorption
correction was performed with SADABS.145 The structures were solved with
dual space method using SHELXT.146 Least-squares reﬁnement was performed
with SHELXL-2014147 against F 2 of all reﬂections. Non-hydrogen atoms were
reﬁned freely with anisotropic displacement parameters. Hydrogen atom posi-
tions were calculated or located in diﬀerence Fourier maps. All hydrogen atoms
were reﬁned with a riding model.
5.2.4 Thermal stage polarisation microscopy
dl-Met single crystals were studied under a nitrogen atmosphere in a Linkam
LTS420 thermal stage. The thermal stage was coupled to a Zeiss Axioplan
2 Imaging polarisation microscope to observe the phase transitions in situ.
The microscope images were recorded with a MediaCybernetics Evolution VF
digital camera. Initially, the temperature region between 193 and 493 K was
investigated. Subsequently, the temperature range between 238 and 353 K was
studied in more detail using heating and cooling rates of typically 1Kmin−1
to 10Kmin−1 with a temperature stability of ±0.1 K.
5.2.5 Solid-state NMR
Solid-state NMR spectra of dl-Met were measured on a Varian VNMRS
400 MHz spectrometer, operating at a magnetic ﬁeld of 9.4 T (Larmor
frequencies of 399.94 MHz for 1H and 100.57 MHz for 13C). 13C NMR spectra
were measured with a Chemagnetics 3.2 mm APEX probe using 1H→13C cross
polarisation (CP), magic angle spinning (MAS) and SPINAL decoupling148
in the temperature range between 138 and 423 K. The powder spectra were
recorded at an MAS frequency of 10 kHz with radio frequency (RF) ﬁeld
strengths of 50 kHz for 1H and 60 kHz for 13C during cross polarisation and
80 kHz for 1H SPINAL decoupling with a pulse length of 5 μs and a phase of
7 degrees.
A single crystal of ∼3×1×1 mm (1.8 mg), grown by cooling crystallisation
from a seeded aqueous dl-Met solution of 22mgmL−1, was placed in a rotor
containing KBr powder on the bottom, to ensure the single crystal was in the
middle of the rotor. The rotor was then gently ﬁlled with KBr powder on
top of the single crystal to obtain a well-balanced rotor for MAS. The KBr
was also used to adjust the magic angle setting at each temperature on the
spinning side bands of 79Br. The single crystal spectra were recorded in the
temperature range between 173 and 373 K at an MAS frequency of 5 kHz
with RF ﬁeld strengths of 58 kHz for 1H and 63 kHz for 13C during cross
polarisation and the same decoupling sequence and power as was used for the
powder measurements.
2D refocussed 13C-13C INADEQUATE experiments, for the assignment of
the peaks in the 13C NMR spectra, were performed with a 3.2 mm T3 probe at
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RF ﬁeld strengths of 50 kHz for 1H and 60 kHz for 13C, combined with 10 kHz
MAS and high power 1H TPPM decoupling at 120 kHz. These measurements
were performed on dl-Met-l-13C5,15N powder, KBr was added at the top and
bottom of the rotor to increase the homogeneity of the experienced RF ﬁeld by
the dl-Met molecules and to enable the adjustment of the magic angle setting
at diﬀerent temperatures.
Adamantane was used as reference sample for the chemical shift; the 13C
peak with the highest chemical shift value corresponds to the CH2 of adaman-
tane at 38.48 ppm. The spectra were processed using the matNMR processing
package that runs under Matlab.131
5.3 Results and discussion
The solid-state phase transition between the β and α forms of dl-Met are
studied using various complementary techniques, similar to our recent study
on the transitions of dl-Nle.139 The emphasis is on the diﬀerence between
powders and single crystals, in order to improve the understanding of the tran-
sition mechanism. Typically, solid-state phase transitions in molecular crystals
are governed by the nucleation-and-growth mechanism, which entails that the
transition is initiated at defect sites, either in the bulk or at the surface. There-
fore, a high defect density implies a high transition rate, which indicates that
powders of a lower crystallinity would transform faster than single crystals.
Moreover, powders exhibit a more favourable surface to volume ratio. How-
ever, we have previously reported for the related compound dl-Nle that one of
the phase transitions has faster kinetics in single crystals than in powders, and
we attributed this to cooperative motion.139
5.3.1 Diﬀerential Scanning Calorimetry
Diﬀerential scanning calorimetry (DSC) thermograms for both powder and
single crystal samples are shown in Figure 5.4. To assess the inﬂuence of both
crystal size and quality on the phase transition kinetics, we present results for
powders (low-quality and small size crystallites), and single crystals of similar
size but diﬀerent in quality as judged using optical microscopy. dl-Met powder
(see Figure 5.4a) shows a typical endothermic thermal event upon heating
(β → α), which has an onset temperature that varies between 317 and 325 K for
diﬀerent powder samples, indicating enantiotropy for the β and α polymorphs.
During cooling, the exothermic peak of the reverse transition (α → β) is broad,
ranging from approximately 305 to 275 K. The transition is reversible and
reproducible over repeated cycles of the same sample, but the peak shape is
not typical for a reversible ﬁrst-order phase transition, which is already clear
from the diﬀerence in enthalpies of transition upon heating and cooling, which
are +0.7±0.2 kJmol−1 and -0.3±0.1 kJmol−1, respectively.
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Single crystals of dl-Met show the same β → α endothermic thermal event
as powder at an onset temperature of 324 to 325 K during heating. Contrary
to powders, the reverse α → β transition in single crystals is observed as a
narrow exothermic thermal event in the DSC thermogram at 303 to 306 K
onset temperature during cooling, rather than a broad peak, as is shown in
Figures 5.4b and 5.4c. Single crystals also display a magnitude diﬀerence in
the enthalpy of the transition during heating and cooling, +1.0±0.2 kJmol−1
and -0.4±0.2 kJmol−1 respectively, but the values are higher than for powders.
Some single crystals of low quality exhibit the α → β transition around 253 K
during cooling. In general, single crystals of low quality show a larger spread
of the transition temperature in the DSC thermogram than high-quality single
crystals of similar size, especially for the α → β transition. Also, larger single
crystals show more spread than small crystals of similar quality. However, the
quality of the crystal has a larger inﬂuence than the size, at least for the sizes
and qualities of crystals studied here.
According to these measurements, the thermodynamic transition point of
the α ↔ β transition of dl-Met is between 306 and 317 K. This is signiﬁcantly
lower than the reported literature value of 326 K,123 which probably refers
to the peak temperature of the β → α transition. Furthermore, the α ↔ β
transition shows large hysteresis and a spread of the transition over a large
temperature range, which indicate kinetic hindrance. The transition is spread
out such that the measured enthalpy during cooling in the DSC is often about a
factor of two (or more) lower than the enthalpy during heating. This behaviour
was observed in repeated runs. The DSC signal of the α → β transition is
diﬃcult to discern from the baseline, probably leading to an underestimation
of the heat of transition.
A range of heating rates between 2 and 20Kmin−1 was applied. No sig-
niﬁcant change in the onset temperature for the transition in both directions
was found. This is true for both powder and single crystal samples and hence
also the hysteresis is independent of the heating rate, about 20 K. Sample
preparation is however an important parameter.
There appears to be a small change in the slope of the DSC curves around
380-390 K, as has been described before by Grunenberg et al.80 However, we
cannot attribute this eﬀect to another phase transition, as is explained further
on in the SCXRD section.
5.3.2 Single crystal X-ray diﬀraction
The unit cell parameters, cell centering and point group of dl-Met were deter-
mined at various temperatures using single crystal XRD. As mentioned before,
we apply non-conventional settings with a similar orientation of the molecules
with respect to the unit cell axes for an easier comparison of the two polymor-
phic forms. The c-axis of the β form is compared to 2c of the α form, since
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Figure 5.4: (a) The DSC thermogram of a powdered sample of dl-Met (9 mg)
shows an endothermic thermal event at an onset temperature of 317 K upon heating.
A broad exothermic thermal event is observed at 305 K during cooling. (b) The
thermogram of single crystals of dl-Met (11 mg, 8.2 mm3) shows an endothermic
thermal event during heating at an onset temperature of 324 K. Another exothermic
event is observed at 306 K during cooling. (c) The thermogram of a small high-
quality single crystal of dl-Met (0.17 mg, 0.1 mm3) shows an endothermic thermal
event during heating at an onset temperature of 326 K. Another exothermic event
is observed at 303 K during cooling. The samples were heated and cooled over the
temperature range between 133 to 433 K with a heating rate of 5Kmin−1. Results
were reproducible for repeated runs.
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the I-centred β form results in a unit cell that is twice as large as the α unit
cell in this direction.
The unit cell parameters in Figure 5.5 clearly show that the lattice parame-
ters a and b of the two forms are similar. Also, the temperature dependence of
the lattice parameters due to thermal expansion does not change signiﬁcantly
around the transition. However, there is a signiﬁcant change in the c-axis
(+1.2%), β angle (-4.1%) and volume of the unit cell (+2.8%) during the tran-
sition (β → α), probably mainly originating from the conformational change.
Moreover, the hysteresis of the transition is conﬁrmed to be at least about 20
K in single crystals.
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Figure 5.5: The lattice parameters of dl-Met as a function of temperature as
determined using SCXRD.
To verify whether the change in the slope of the DSC around 380-390 K
indicates another phase transition, the crystal structure was reﬁned from the
diﬀraction patterns of dl-Met measured at 338 and 420 K. The crystal struc-
ture reﬁnement details are given in the Supporting Information. However, both
reﬁnements resulted in the α form crystal structure, which also conﬁrmed the
presence of a minor conformational disorder.127 The occupancy of the minor
conformation was reﬁned at about 20-35% for both temperatures, although this
value is probably an overestimation and susceptible to small variations in the
reﬁnement model. Similarly, the position of the CH3 of the minor conformation
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was reﬁned at a slightly diﬀerent position compared to the α structure in the
CSD.
5.3.3 Thermal stage polarisation microscopy
Single crystals of diﬀerent sizes and qualities, as judged by optical microscopy,
were studied using a thermal stage polarisation microscope, to visualise the
α ↔ β phase transition. In particular, the inﬂuence of crystal size and quality
on the optical and morphological behaviour of the crystals during the transition
was investigated. Typically, the crystals have a hexagonal plate shape with the
dominant (002) face for the β phase.
The observed transition temperature of the dl-Met β → α transition dur-
ing heating varies slightly between diﬀerent crystals, over a range of 324-326 K.
Many crystals show a small movement of the whole crystal during the transi-
tion. In most crystals the transition within the plane of the layers is very fast,
so that no transition front is observed at our image frame rate of 3 Hz. How-
ever, crystals observed in a direction parallel to the plane of the layers show a
front parallel to the plane of the layers, propagating through the crystal and
accompanied by a volume increase perpendicular to the layers of the crystals,
as is shown in Figure 5.6.
Figure 5.6: Thermal microscopy snapshots of the β → α transition in dl-Met
showing the volume increase perpendicular to the plane of the layers. This crystal
was too thick to show a polarisation colour.
In general, the transition is clearly observable by a change in polarisation
colour, as is shown in Figure 5.7. The β → α transition is fast and repeatable
without showing much wear in the form of cracking or delamination, despite
the signiﬁcant change in crystal volume during the transition. Apparently,
the conformational change of the C3-C4-S-C5 torsion angle in dl-Met, which
only aﬀects the position of the C5 atom compared to the rest of the molecule,
combined with the shift of the bilayers is not detrimental to the quality and in-
tegrity of the crystal. This contrasts with the α ↔ γ transition in dl-Nle, where
the change in the ﬁrst torsion angle (N1-C2-C3-C4) – aﬀecting the position of
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C4, C5 and C6 – combined with the shift of the bilayers has been reported
to induce severe cracking of the crystal, delamination and loss of polarisation
colour.87,139
(a)
(b)
Figure 5.7: Thermal microscopy snapshots of the α ↔ β phase transition in dl-Met
on (a) heating and (b) cooling, showing the change in polarisation colour and the
reversibility without visible crystal quality deterioration. The image shows several
partly overlapping single crystals.
During cooling of dl-Met crystals, the α → β transition is observed as a slow
and gradual series of small motions in the layers of the crystal and a gradual
change in polarisation colour. There is often a broad transition region between
300 and 278 K, which shows the large hysteresis in this transition and explains
the lower enthalpy in the DSC. The α → β transition is more well-pronounced
in high-quality single crystals, showing the largest shifts between 309 and 297 K
for diﬀerent crystals, which is in agreement with the DSC results for high-
quality single crystals. Also, high-quality crystals clearly show a large volume
increase perpendicular to the plane of the layers during the transition upon
heating. However, the crystals do not regain their initial volume during cooling,
but only show a small and gradual volume decrease. This is in agreement with
the previously described observations, which indicate that especially the α → β
transition during cooling is kinetically hindered.
The phase transition was also monitored for crystals in a saturated solution,
to increase the mobility of the molecules on the surface. However, this did not
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result in a signiﬁcant diﬀerence in the observed transition temperatures.
For this conformational transformation of dl-Met, the distinction between
isostructural and reconstructive phase transitions appears to be insuﬃcient.
On the one hand, it should be characterised as an isostructural conformational
transition, because it shows single-crystal-to-single-crystal phase transition be-
haviour. On the other hand, it also entails a change in the packing of the
hydrophobic chains, which would imply a reconstructive conformational tran-
sition. In our view, this phase transition is almost isostructural, and shows
that a general classiﬁcation is not easily found.
5.3.4 Solid-state NMR
Solid-state nuclear magnetic resonance (NMR) enables the observation of the
local environment of the atoms, thereby allowing for direct observation of the
ratio of the polymorphic forms present at a certain temperature. In this way,
the kinetics of the solid-state phase transition in dl-Met is studied both for
powders and single crystals. Additionally, the advanced solid-state NMR tech-
nique ‘refocussed 2D Incredible Natural Abundance DoublE QUantum Transfer
Experiment’ (2D-INADEQUATE)149 is used to assign the 13C-NMR peaks to
the correct carbon atoms in the crystal structures. This is necessary to cor-
rectly interpret the observed behaviour in temperature-dependent 13C-CPMAS
measurements.
13C-NMR measurements of dl-Met powder show ﬁve distinct peaks at room
temperature, as is shown in Figure 5.8, corresponding to the ﬁve carbon atoms
of the β polymorph with each a unique environment. Since Z’=1 for both
structures, in principle we expect a single set of ﬁve peaks for each polymor-
phic form, although the minor conformation of the α form could generate a
second set of peaks with low intensity. C1, C2, and C5 can be readily assigned
as indicated in the ﬁgure. However, the two methylene bridge carbon atoms
C3 and C4 have a very similar chemical shift, therefore their assignment to
the peaks in the spectrum is not trivial. dl-Met powder has previously been
measured using solid-state NMR by Díaz et al., but their spectrum did not
allow for the distinction between C3 and C4.150 The deﬁnitive assignment of
the C3 and C4 peaks to the carbon atoms for both polymorphic forms will be
described further on.
To ensure that only the α polymorph was present, the powder was heated
to 423 K, so well above the β → α transition temperature. Then, the sample
was cooled in steps from 423 to 138 K to visualise the α → β transition.
The chemical shifts of C1 and C2 show no signiﬁcant change during cooling,
indicating that there is no large change in the relatively rigid hydrogen-bonded
part of the molecule. The other carbon atoms, C3, C4 and C5, clearly show
a discontinuous change in chemical shift for the polymorphic forms when the
powder gradually transforms from the α to the β polymorph in the temperature
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Figure 5.8: 13C CPMAS NMR spectrum of a powdered sample of dl-Met at 298
K.
region of 298 to 138 K, as is shown in Figure 5.9a. Below 173 K, two pairs of
the C3 and C4 peaks of both polymorphs overlap, but the C5 peak shows that
at 138 K the transition is not yet complete, only about 75 % of the sample has
transformed to the β polymorph.
The reverse β → α transition was followed during heating of the powder
sample, as is shown in Figure 5.9b. Up to 273 K, the β polymorph is mainly
present. Between 273 and 298 K the majority of the sample transforms to
the α form. The transition is complete at 373 K, and hence there is a large
coexistence region between 138 and 348 K of the α and β polymorphs.
Refocussed 2D-INADEQUATE
Assignment of peaks 1 - 4 is required for correct interpretation of the
temperature-dependent CPMAS spectra. Refocussed 2D 13C-13C INADE-
QUATE experiments are applied for this purpose, at two diﬀerent tempera-
tures, to access both polymorphic forms of dl-Met. The INADEQUATE pulse
sequence is used to measure the connectivity pattern of a molecule using the
through-bond J-coupling or scalar coupling.151 Typically for amino acids, the
line width in the 1D carbon spectrum is comparable to the size of the scalar
coupling (35-50 Hz). If two carbon atoms are connected, a signal will be visible
in the 2D-INADEQUATE spectrum at the sum frequency of the chemical shift
of the carbon atoms (double quantum frequency). Refocussed INADEQUATE
has an in-phase line shape, which allows for easier detection, although the
longer delay time allows for more relaxation, which can lead to signiﬁcant
signal loss.149 Since we used 13C-enhanced dl-Met-l-13C5,15N, multiple-spin
coupling eﬀects also play a role in our measurements.152 However, these eﬀects
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Figure 5.9: 13C CPMAS NMR spectra of a powdered sample of dl-Met (a) during
cooling from 373 to 138 K and (b) during heating from 198 to 423 K. On cooling, the
α → β phase transition starts around 293 K, and at 138 K it is not yet completed.
On heating, the β → α phase transition commences between 273 and 298 K, but the
transition is complete between 348 and 373 K.
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did not obstruct the interpretation of the measurements.
The refocussed 2D-INADEQUATE experiment at 348 K in Figure 5.10
clearly shows the connectivity pattern of α-dl-Met. The C2 atom only shows
a scalar coupling with C1 and C3 by the presence of cross-peaks at the sum
frequencies depicted on the vertical axis. C4 only shows scalar coupling to C3,
since it is not directly connected to any other carbon atom, and C5 is absent
due to the absence of direct coupling to any other carbon atom in the molecule.
Therefore the assignment was unambiguous, and from this we conclude that
peak 1 in Figure 5.9 corresponds to the C3 atom of α-dl-Met (33.6 ppm at 348
K), and peak 4 corresponds to the C4 atom (30.8 ppm at 348 K).
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Figure 5.10: Refocussed 2D-INADEQUATE spectrum of dl-Met at 348 K shows
the connectivity pattern of the α form. The presence of cross peaks at the chemical
shift positions of two C atoms and the sum-frequency (double quantum frequency)
indicates they are connected within the molecule. This is used to assign the peaks in
the 13C NMR spectrum to the right C atoms.
The refocussed 2D-INADEQUATE measurement at 298 K (Figure 5.11)
shows a mixture of the β and α polymorphic forms of dl-Met, since we were not
able to transform the dl-Met-l-13C5,15N powder completely to the β form by
cooling. Both the scalar coupling and multiple-spin coupling eﬀects increased
the line width, thereby making the interpretation more diﬃcult. However, two
sets of split-up peaks that coincide with the C2-C3 coupling of both polymorphs
are observed at double quantum frequencies that diﬀer about 2 ppm. Since the
chemical shift of the C2 carbon is practically equal for both polymorphs, and
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the double quantum frequency is the sum of the C2 and C3 frequencies, the
diﬀerence must be caused by the diﬀerence in chemical shift of the C3 atoms
between the two polymorphs. From this we conclude that the C3 atom of β-
dl-Met has a lower chemical shift value (31 ppm at 298 K) than the C4 atom
(32 ppm at 298 K).
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Figure 5.11: Refocussed 2D-INADEQUATE spectrum of dl-Met at 298 K shows
the connectivity pattern of the α and β forms. The presence of cross peaks at the
chemical shift positions of two C atoms and the sum-frequency (double quantum
frequency) indicates they are connected within the molecule. This is used to assign
the peaks in the 13C NMR spectrum to the right C atoms and polymorphic forms.
Temperature dependence chemical shift
The chemical shift of the carbon atoms C3 and C4 of β and α as determined
from the NMR powder measurements are shown as a function of temperature
in Figure 5.12a. At temperatures above 348 K, only two peaks are present
that belong to the C3 and C4 of the α polymorph, peaks 1 and 4 respectively.
The positions of the C3α and C4α peaks change gradually as a function of
temperature, due to thermal expansion of the crystal lattice, and it is clear
that the C3α and C4α peaks have a diﬀerent temperature dependence. The
C3β and C4β peaks that appear upon cooling around 298 K, and remain up to
348 K upon heating, can be clearly distinguished from the α peaks at 298 K,
but at lower temperatures the peaks overlap.
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It is clear from Figure 5.12a that the order of the chemical shift for C3
and C4 changes during the phase transition due to the change in chemical
environment. The temperature dependence of the chemical shift for the C3
atoms is similar for the α and β phase. For the C4 atoms there is only a weak
temperature dependence of the chemical shift for both polymorphs. On the
other hand, the methyl carbon C5 shows a diﬀerent temperature dependence
for the two polymorphs, being strongest in the α phase, which is clearly visible
in the coexistence temperature region between 138 and 327 K in Figure 5.12b.
In the major conformation of the α form of dl-Met, the intramolecular
C3-S distance is only 0.1 Å larger, but the intramolecular C3-C5 distance is
0.8 Å smaller than in the β form. This combined with the changes in the inter-
molecular distances leads to a 2 ppm higher chemical shift value for C3 (33.2
ppm at 298 K), corresponding with less shielding. In contrast, the C4 atom
of α-dl-Met has very similar intramolecular interatomic distances compared
to the β form, but the intermolecular interatomic distances are diﬀerent due
to the torsion angle and this combination results in a 1.6 ppm lower chemi-
cal shift value (30.7 ppm at 298 K). This might explain the diﬀerence in the
thermal behaviour of the chemical shift of C3 compared to C4 as well. To
determine exactly the intramolecular and intermolecular contribution to the
chemical shift diﬀerences, nucleus-independent chemical shift (NICS) density
functional theory (DFT) calculations153 are suitable.
The most recent crystal structure for the α form determined by Gørbitz
shows a major and minor conformation with occupancies of 95% and 5% re-
spectively.127 The minor conformation is diﬀerent from the major conformation
of α and the conformation in the β form, therefore we would expect a signiﬁcant
change in the NMR spectrum. However, we did not observe any peaks in the
NMR spectrum that would indicate a third conformation of dl-Met. However,
we conﬁrmed the existence of a minor conformation using SCXRD.
Single crystal vs. powder NMR
A single crystal of dl-Met shows similar NMR spectra, but the rate of transi-
tion is somewhat higher. The comparison of the transition rates by the amount
of β and α form present in the NMR spectra of powder and a single crystal
during cooling, determined by the integration of the C5 methyl peaks, is shown
in Figure 5.13. This illustrates the added value of solid-state NMR compared
to other techniques, since it allows to quantify the ratio of coexistence of poly-
morphic forms. Other techniques, such as SCXRD, thermal microscopy and
DSC, are not sensitive enough to detect small amounts of a similar phase or
not suitable to quantify these.
The solid-state NMR powder spectra (Figure 5.9a and 5.9b) and Figure 5.13
show that the transition is more spread out in the NMR than can be observed
from DSC and SCXRD measurements. However, the slopes of the relative
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Figure 5.12: 13C chemical shift of (a) C3 and C4, and (b) C5, of dl-Met between
138 and 423 K during cooling and heating.
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Figure 5.13: Relative amount of the α and β form present in the NMR spectra of
dl-Met powder and a single crystal during cooling, determined by integration of the
C5 methyl peaks, as a function of temperature.
amounts of the α and β phases in Figure 5.13 indicate that the initial transfor-
mation during cooling involves a large part of the crystals, while the remainder
follows more slowly. This is consistent with the shape of the DSC curve and
the lower calculated transition enthalpy during cooling, which indicates that
the transition is smeared out.
Additionally, the quality and size diﬀerence between crystals used for the
SCXRD and NMR measurements could be another reason for the apparent dif-
ference in transition regime. The single crystals for solid-state NMR (SSNMR)
were relatively large and not of extremely high quality, due to the size require-
ments of the technique for an adequate signal-to-noise ratio. DSC and thermal
stage microscopy showed that the transition occurs in a smaller temperature
regime for small high-quality crystals, whereas larger or poor-quality crystals
appear to complete their transition over a larger temperature regime. This
can indeed indicate that that the coexistence regime for the SSNMR crystals
is larger than for the SCXRD crystals. However, only SSNMR allows for a
quantiﬁcation of the coexistence with a high relative accuracy.
5.4 Conclusion
The β → α transition in dl-methionine has fast kinetics and reproducible, and
it involves a signiﬁcant increase of the crystal volume. The thermodynamic
transition point of the α ↔ β transition lies between 306 and 317 K as was
determined from DSC measurements. SCXRD at 420 K showed no sign of a
high temperature γ form.
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Similar to the α ↔ β transition in dl-norleucine, the phase transition in
dl-methionine appears to be kinetically hindered, mainly during cooling. This
results in a lower rate of transition during cooling than heating, as is mainly
observed using thermal stage polarisation microscopy and solid-state NMR,
but also by the diﬀerence in transition enthalpy during heating and cooling in
the DSC. The kinetic barrier appears to be lower for high quality crystals and
higher for larger crystals, as is shown by DSC and solid-state NMR. Solid-state
NMR also shows that there is a large region of coexistence, even within one
single crystal, especially below the transition temperature.
In addition, thermal stage polarisation microscopy showed no clear transi-
tion front propagating in the plane of the layers, although there was a gradual
change in polarisation colour. Due to the anisotropy in the crystal structure,
the crystal transforms layer-wise, with a transition front that propagates per-
pendicular to the layers. However, the crystals of dl-methionine do not show
damage in the form of delamination or cracking during the transition. The
transition within a “layer” is very fast, and the overall faster kinetics in single
crystals resembles the case of the α ↔ β phase transition in dl-norleucine.
This phase transition can be described as an “almost” isostructural con-
formational transition, since it involves some packing changes, but it shows
single-crystal-to-single-crystal behaviour. However, a more comprehensive the-
ory than Mnyukh’s nucleation-and-growth theory is required to accurately de-
scribe it. The transition of dl-methionine involves a conformational change
and a shift, which could occur in a multiple-step process. Possibly, the energy
barriers are signiﬁcantly diﬀerent depending on the order of the intermediate
steps and the initial crystal structure. The higher transition rate in single
crystals compared to powders combined with the anisotropic interactions in
the crystal structures indicate that cooperative motion can play a role in the
transition mechanism. Further computational methods are necessary to verify
this mechanism.
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5.5 Supporting Information
Electronic supplementary information (ESI) available: CIF and checkCIF ﬁles
of the SCXRD measurements of dl-Met at 338 and 420 K. Movie S1, thermal
polarisation microscopy video of the solid-state phase transition in several single
crystals of dl-Met, snapshots of which are shown in Fig. 5.7 (MP4). Movie S2,
thermal polarisation microscopy video of the solid-state phase transition in a
high quality dl-Met crystal, snapshots of which are shown in Fig. 5.6 (MP4).
See DOI: dx.doi.org/10.1039/c6ce02079h.
Reﬁnement parameters DL-methionine at 338 and 420 K.
Table 5.2: Crystal data and details of the structure determination of DL-methionine at
338 K.
Crystal Data
Formula C5H11NO2S
Formula Weight 149.21
Crystal System monoclinic
Space group P21/c
a (Å) 16.894(2)
b (Å) 4.7953(6)
c (Å) 9.8686(13)
β (◦) 101.318(4)
V (Å3) 783.93(17)
Z 4
Dcalc (g/cm3) 1.264
μMoKα (mm−1) 0.347
F(000) 320
Crystal Size (mm) 0.06 x 0.13 x 0.35
Data Collection
Temperature (K) 338
Radiation (Å) MoKα 0.71073
Theta Min-Max (◦) 2.5 - 23.8
Dataset -19 < h < 19, -5 < k < 5, -11 < l < 11
Total measured reﬂections 21783
Independent reﬂections 1207
Rint 0.024
Observed data [I > 2σ(I)] 1061
Reﬁnement
Reﬂections 1207
Parameters 111
R[F 2 > 2σ(F 2)] 0.071
wR(F 2) 0.237
S 1.05
Δρmax (e/Å3) 0.42
Δρmin (e/Å
3) -0.35
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Table 5.3: Crystal data and details of the structure determination of DL-methionine at
420 K.
Crystal Data
Formula C5H11NO2S
Formula Weight 149.21
Crystal System monoclinic
Space group P21/c
a (Å) 16.923(3)
b (Å) 4.7963(7)
c (Å) 9.8840(15)
β (◦) 101.424(5)
V (Å3) 786.4(2)
Z 4
Dcalc (g/cm3) 1.260
μMoKα (mm−1) 0.346
F(000) 320
Crystal Size (mm) 0.06 x 0.13 x 0.35
Data Collection
Temperature (K) 420
Radiation (Å) MoKα 0.71073
Theta Min-Max (◦) 2.5 - 23.8
Dataset -19 < h < 19, -5 < k < 5, -11 < l < 11
Total measured reﬂections 8448
Independent reﬂections 1205
Rint 0.023
Observed data [I >2σ(I)] 1018
Reﬁnement
Reﬂections 1205
Parameters 105
R[F 2 > 2σ(F 2)] 0.072
wR(F 2) 0.238
S 1.05
Δρmax (e/Å3) 0.43
Δρmin (e/Å
3) -0.39
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Chapter 6
The rich solid-state phase behaviour of
DL-aminoheptanoic acid: ﬁve
polymorphic forms and their phase
transitions
The rich landscape of enantiotropically related polymorphic forms and their
solid-state phase transitions of dl-2-aminoheptanoic acid (dl-Hep) has been
explored using a range of complementary characterisation techniques, and
is largely exemplary of the polymorphic behaviour of linear aliphatic amino
acids. As many as ﬁve new polymorphic forms were found, connected by
four fully reversible solid-state phase transitions. Two low temperature forms
were reﬁned in a high Z ′ crystal structure, which is a new phenomenon for
linear aliphatic amino acids. All ﬁve structures consist of two-dimensional
hydrogen-bonded bilayers interconnected by weak Van der Waals interactions.
The single-crystal-to-single-crystal phase transitions involve shifts of bilayers
and/or conformational changes in the aliphatic chain. Compared to two
similar phase transitions of the related amino acid dl-norleucine, the en-
thalpies of transition and NMR chemical shift diﬀerences are notably smaller
in dl-aminoheptanoic acid. This is explained to be a result of both the nature
of the conformational changes, and the increased chain length, weakening the
interactions between the bilayers.
This chapter has been published as:
M.M.H. Smets, M.B. Pitak, J. Cadden, V.R. Kip, G.A. de Wijs, E.R.H. van Eck,
P. Tinnemans, H. Meekes, E. Vlieg, S.J. Coles, and H. M. Cuppen, “The
rich solid-state phase behaviour of dl-aminoheptanoic acid: ﬁve polymorphic
forms and their phase transitions”, Cryst. Growth Des. 18, 242-252 (2018),
dx.doi.org/10.1021/acs.cgd.7b01175.
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6.1 Introduction
Several racemates of aliphatic amino acids with an unbranched side chain have
been studied in the last decades, showing similar crystal structures and re-
versible temperature-dependent solid-state phase transition behaviour: dl-
aminobutyric acid, dl-norvaline, dl-norleucine (dl-Nle) and dl-methionine
(Refs. 87,118,121,122,129,139,154 and references therein). The aliphatic amino
acid molecules have a highly polar ‘head’ and a hydrophobic side chain, result-
ing in amphiphilic molecules. The crystal structures of this class of molecules
typically consist of two-dimensional (2D) bilayers, which are interconnected
by relatively weak dispersive interactions. Their solid-state phase transitions
mostly involve the translation of bilayers within the plane of the layers, and
often also a conformational change in the side chains.
The solid-state phase transitions of these aliphatic chain amino acids gen-
erally occur in a single-crystal-to-single-crystal fashion, although in some cases
the crystal delaminates or becomes damaged during the transition. Experi-
mental studies combined with molecular dynamics simulations on dl-Nle indi-
cated that one of its transitions probably involves cooperative motion within
the bilayers.74,139 Cooperative or concerted motion in this context refers to a
fast transition that involves the simultaneous movement of multiple molecules
within one bilayer, on a limited length scale of tens or a few hundreds of
molecules. To avoid confusion, this is not cooperative motion as in second-
order phase transitions with an inﬁnite correlation length. In particular the
solid-state NMR measurements of dl-Nle showed an increased transition rate
for single crystals compared to powders. It was concluded that a cooperative
mechanism was consistent with these results, since these powders contained
more defects, which would slow down cooperative motion. We expect that
this mechanism plays a role in the transition of similar amino acids as well.
Moreover, we expect that the chain length will determine the solid-state phase
behaviour to a large extent. In fatty acids the melting point increases with
chain length, because of increased interactions between the chains in the layers
stabilising the structure. On the other hand, a longer chain length also allows
more degrees of freedom in the conformation of the molecule, thereby oﬀering
more ﬂexibility and possibly weaker interactions between layers, which could
promote entropy-driven solid-state phase transitions.
In this work, we study the crystal structures and solid-state phase
transitions of an as yet unexplored aliphatic unbranched amino acid; dl-2-
aminoheptanoic acid (dl-Hep, dl-homonorleucine, 145.20 gmol−1), and com-
pare its structures and solid-state phase transitions with dl-2-aminohexanoic
acid (dl-Nle, dl-norleucine, 131.17 gmol−1). The atomic numbering scheme
used for dl-Hep is deﬁned in Figure 6.1.
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Figure 6.1: Atom numbering scheme of the structure of dl-Hep.
6.2 Experimental
6.2.1 Materials
dl-2-Aminoheptanoic acid (≤97%) was purchased from Sigma-Aldrich and
used without further puriﬁcation. Small high quality single crystals for single-
crystal XRD were crystallised by antisolvent evaporation. A small vial with
slightly undersaturated aqueous solution was placed in a larger vial with an
acetone/water mixture as antisolvent. Slightly larger high quality single crys-
tals – as judged by optical microscopy and X-ray diﬀraction – for diﬀerential
scanning calorimetry (DSC) and microscopy were crystallised using hanging
drop vapour diﬀusion in well plates. Crystals were grown in a droplet on a
siliconised cover slip, which was hung upside down on top of the well plate
and sealed with vacuum grease, thereby creating a closed-oﬀ reservoir below
the droplet. Typically, the crystals were grown in 10 μL droplets of 4mgmL−1
dl-Hep in water either using vapour diﬀusion of 300 μL 10-20 % ethanol or
isopropanol in water as antisolvent in the reservoir, or by allowing the droplets
to evaporate slowly, without any antisolvent present. Larger crystals for solid-
state NMR were crystallised by allowing vapour diﬀusion of 30 mL of 60%
ethanol in water as antisolvent from a large beaker into a small jar containing
5 mL of 3 to 4mgmL−1 dl-Hep aqueous solution. Powder for DSC and solid-
state NMR experiments was prepared by grinding crystals obtained by cooling
or evaporation crystallisation.
6.2.2 Diﬀerential scanning calorimetry
DSC measurements were performed using a Mettler Toledo DSC1 calorimeter
with a high sensitivity sensor (HSS8), in combination with LN2 liquid nitrogen
cooling, a sample robot and STARe software 13.00a. Powder samples and single
crystals of dl-Hep were heated and cooled with rates of 2 to 10Kmin−1 in the
temperature range of 133 to 433 K. Samples of a few milligrams were sealed
in an aluminium pan (40 μL) and the heat ﬂow was measured compared to an
empty reference pan as a function of temperature. The DSC was calibrated
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with the melting points of indium (Ton = 429.5 K and ΔH = −28.13 J g−1)
and zinc (Ton = 692.85 K and ΔH = −104.77 J g−1), both supplied by Mettler
Toledo.
6.2.3 Single crystal X-ray diﬀraction
Single-crystal X-ray diﬀraction (SCXRD) data (dl-Hep forms II-V) were col-
lected on a Rigaku AFC12 goniometer equipped with an enhanced sensitivity
(HG) Saturn 724+ detector mounted at the window of an FR-E+ Superbright
MoKα (λ = 0.71075 Å) rotating anode generator with HF Varimax optics
(100 μm focus).155 The temperature of the crystal was controlled using an Ox-
ford Cryosystems Cobra device. For form I, single-crystal X-ray diﬀraction data
were collected on a Crystal Logic Kappa (4 circle) goniometer equipped with a
Rigaku Saturn 724+ CCD detector, using a synchrotron source (λ = 0.6889 Å)
at the Diamond Light Source I-19 beam line. It was situated on an undulator
insertion device with a combination of double crystal monochromator, verti-
cal and horizontal focussing mirrors and a series of beam slits (primary white
beam and on either side of the focussing mirrors). The crystal temperature
was controlled using a Helix device, and the CrystalClear156 software package
was used for instrument control and data collection.
For form I and V data reduction was performed using Rigaku Crystal-
Clear,156 whereas in the case of form II, III and IV data were reduced us-
ing Rigaku CrysAlisPro suite.157 Unit cell parameters were in all cases reﬁned
against all data. Crystal structures were solved using direct methods imple-
mented in SHELXS158 and reﬁned on F20 by full-matrix least-squares reﬁne-
ments using SHELXL147 within the OLEX2 suite.159 All non-hydrogen atoms
were reﬁned with anisotropic displacement parameters – except the crystal
structure of form V – and all hydrogen atoms were added at calculated posi-
tions and reﬁned using a riding model with isotropic displacement parameters
based on the equivalent isotropic displacement parameter (Ueq) of the parent
atom.
In form I, which contains six independent molecules in the asymmetric unit
(Z ′ = 6), three independent molecules show some degree of positional disorder
of the aliphatic chain. These molecules have been modelled over two sites with
a 54/46, 69/31 and 51/49 % ratio, respectively. Geometrical restraints DFIX
and DANG were applied during structure reﬁnement to maintain molecular
geometry. SIMU, DELU and RIGU restraints as well as EADP constraints
were used to appropriately model the atomic displacement parameters.
The form V X-ray data collected at 399 K produced a heavily disordered
structural model. Residual electron density around the major enantiomer com-
ponent clearly indicates the presence of the second enantiomer. An approxi-
mately 10% occupation factor for this second enantiomer is a result of the phase
transition at 399 K not going to completion and this leads to a stacking fault in
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the structure. The CH(NH +3 )COO– head group has been modelled over two
sites with 90/10% ratio of the two forms. However, the aliphatic chain group
of the major component is disordered over three sites with occupancies ﬁxed at
45%, 35% and 20%, respectively. To maintain a reasonable molecular geometry,
a number of geometrical restraints (DFIX, DANG, SAME, BIND and FLAT)
have been applied. Moreover, due to large atomic motion at this temperature,
all the disordered alkyl atoms have been reﬁned with isotropic temperature
factors and EADP constraints were applied. All hydrogen atoms have been
reﬁned using a riding model, except H2, which was located from a diﬀerence
map and geometrically restrained to the pivot carbon C2. Full crystal structure
data has been deposited with CCDC deposition numbers 1563210-1563214.
6.2.4 Thermal stage polarisation microscopy
dl-Hep single crystals were studied under a nitrogen atmosphere in a Linkam
LTS420 thermal stage, which was coupled to a Zeiss Axioplan 2 Imaging po-
larisation microscope to observe the phase transitions. The microscope images
were recorded with a MediaCybernetics Evolution VF digital camera. The
temperature was varied between 113 and 433 K, using heating rates between 1
and 10Kmin−1 (as indicated).
6.2.5 Solid-state nuclear magnetic resonance
Solid-state nuclear magnetic resonance (NMR) spectra of dl-Hep were mea-
sured on a Varian VNMRS 400 MHz spectrometer, operating at a magnetic
ﬁeld of 9.4 T (Larmor frequencies of 399.94 MHz for 1H and 100.57 MHz for
13C). 13C NMR spectra were measured with a Chemagnetics 3.2 mm APEX
probe using 1H→13C cross polarisation (CP), magic angle spinning (MAS) and
SPINAL decoupling148 for temperatures between 128 and 423 K. The powder
spectra of dl-Hep mixed with KBr were recorded at an MAS frequency of
10 kHz with radio frequency (RF) ﬁeld strengths of 50 kHz for 1H and 60 kHz
for 13C during cross polarisation and 80 kHz for 1H SPINAL decoupling with
a pulse length of 5 μs and a phase of 6 degrees.
Single crystals of dl-Hep, grown by vapour diﬀusion, were placed in a rotor
containing KBr powder on the bottom, to ensure the single crystal was in the
middle of the rotor. The rotor was then gently ﬁlled with KBr powder on top of
the single crystals to obtain a well-balanced rotor for MAS. The single crystal
spectra were recorded in the temperature range between 138 and 423 K at a
MAS frequency of 5 kHz with RF ﬁeld strengths of 58 kHz for 1H and 63 kHz
for 13C during cross polarisation and 80 kHz for 1H SPINAL decoupling with
a pulse length of 7 μs and a phase of 4 degrees.
KBr was used both in powder and ‘single crystals’ samples to adjust the
magic angle setting at each temperature on the spinning side bands of 79Br.
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Adamantane was used as reference sample for the chemical shift; the 13C peak
with the highest chemical shift value corresponds to the CH2 of adamantane at
38.48 ppm. The spectra were processed using the matNMR processing package
that runs under Matlab.131
6.2.6 Density Functional Theory calculations
Calculations were carried out with the Vienna Ab initio Simulation Package
(VASP)160,161 at the level of density functional theory (DFT) using the projec-
tor augmented-wave (PAW) method.162,163 The crystal structures were relaxed,
starting from the experimental positions obtained by SCXRD, using the Becke
Perdew Ernzerhof (PBE)133,164 exchange-correlation functional and the DFT-
D3 force ﬁeld.165 All atomic positions were optimised, whereas the unit cell
parameters were kept ﬁxed at the experimental values. For the optimised posi-
tions PBE NMR chemical shieldings were calculated with the gauge-including
PAW (GIPAW) method of Refs. 166 and 167 as implemented in VASP.168 The
calculations were executed for form II with the conventional C2 unit cell. A
1×4×1 k-point mesh was used, including the Γ point. Standard PAW data sets
as supplied with VASP were used.169 The non-local projections were carried
out in real space.169,170 The kinetic energy cutoﬀ on the Kohn-Sham states was
600 eV. Calculations on single molecules (in their crystal conformations) were
carried out in large boxes of 30 × 30 × 30 Å3 in order to minimise the eﬀects
on the shieldings of the currents induced in the periodic images.
A regression line was made for referencing of the calculated isotropic chem-
ical shieldings σDFTiso by comparing them to the experimental chemical shift
values referenced to adamantane in the NMR experiments. From this, the
referencing formula for the chemical shielding of the DFT calculation is:
δiso = −0.959σDFTiso + 165.6 .
Calculated 13C chemical shifts δiso reported below have been calculated with
this formula.
6.3 Results and discussion
6.3.1 Single crystal X-ray diﬀraction
The unit cell of dl-Hep was measured as a function of temperature in order to
observe any solid-state phase transitions and to determine the temperatures at
which the complete data sets for each polymorphic form should be recorded.
From previous work on dl-Nle, we have experienced that some solid-state phase
transitions in linear aliphatic amino acids are diﬃcult to observe using only
DSC.87,139 Therefore, although it is quite time-consuming, we consider it nec-
essary to perform single crystal XRD (SCXRD) unit cell measurements over a
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large temperature range in order to ﬁnd polymorphic forms and their solid-state
phase transitions.
The SCXRD unit cell measurements of dl-Hep revealed that there are at
least three solid-state phase transitions and therefore four polymorphic forms
(II, III, IV and V) between 100 and 400 K. SCXRD measurements at the Dia-
mond Light Source (DLS) synchrotron revealed a ﬁfth polymorphic form, which
is named form I, since it was determined at the lowest temperature (70 K). Fig-
ure 6.2 shows the volume of the unit cells as a function of temperature. There
is a large change in the unit cell parameters and/or symmetry below 100 K, at
146 K and at 396 K, which is emphasised by the black dashed lines in Figure
6.2. Furthermore, there is a change from a C-centred unit cell to a P unit cell
upon heating and vice versa upon cooling, indicated by the red and blue dashed
lines, respectively. On the basis of this graph, the following temperatures were
chosen for structure determination: form II at 145 K, form III at 150 K, form
IV at 293 K and form V at 399 K.
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Figure 6.2: The volume per molecule of dl-Hep as a function of temperature as
determined using SCXRD during heating (red symbols) and cooling (blue symbols)
between 100 and 393 K. The green symbols indicate the volume per molecule for the
full crystal structure determinations of the ﬁve polymorphic forms between 70 and
399 K. The dashed lines indicate the observed phase transition temperature at which
the space group changes for forms II↔III (black), for III↔IV during cooling (blue)
and heating (red), and for IV↔V (black).
The crystal structures of the ﬁve polymorphic forms of dl-Hep are de-
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scribed here in detail. The structures show great similarity to the known crys-
tal structures of dl-norleucine (dl-Nle)87 and other related aliphatic amino
acids.118,122,127,129 Due to the zwitterionic nature of the amino acid, all ﬁve
forms of dl-Hep consist of strongly hydrophilic 2D ld–ld hydrogen-bonded
networks,77 forming bilayers with the hydrophobic chains arranged such that
they are directed out from the centre of the bilayer. These bilayers are in-
terconnected through relatively weak dispersive (Van der Waals) interactions.
A crystallographic summary of the ﬁve polymorphic forms and the structure
reﬁnement details are presented in Table 6.1.
Table 6.1: Spacegroup and unit cell parameters for the ﬁve polymorphs of dl-Hep.
Polymorph Form I Form II Form III Form IV Form V
Crystal Data
CCDC dep. no. 1563211 1563213 1563210 1563214 1563212
Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
Space group P21 C2 C2/c P21/c C2/c
Temperature (K) 70 145 150 293 399
a (Å) 21.38(6) 48.6095(12) 37.524(4) 18.7514(6) 38.300(5)
b (Å) 4.744(12) 4.74590(10) 4.7305(3) 4.7507(2) 4.840(5)
c (Å) 25.53(6) 36.4945(9) 9.8406(7) 9.8872(4) 9.740(5)
β (◦) 102.25(4) 126.975(2) 101.571(8) 95.106(3) 93.380(5)
V (Å3) 2530(11) 6726.0(3) 1711.3(2) 877.29(6) 1802(2)
V /molecule (Å3) 210.9 210.2 213.9 219.3 225.2
Z / Z′ 12 / 6 32 / 8 8 / 1 4 / 1 8 / 1
Density (g cm−3) 1.143 1.147 1.127 1.099 1.070
Radiation type Synchrotron Mo Kα Mo Kα Mo Kα Mo Kα
λ=0.6889 Å
μ (mm−1) 0.078 0.083 0.082 0.080 0.077
Data collection
Reﬂ. collected 20688 36432 4917 4794 5207
Independent reﬂ. 8986 11198 1511 1545 1492
Rint 0.166 0.080 0.025 0.028 0.063
Reﬁnement
R[F 2 > 2σ(F 2)] 0.115 0.066 0.057 0.051 0.149
wR(F 2), S 0.431, 0.82 0.194, 1.06 0.161, 1.10 0.148, 1.06 0.477, 1.30
The crystal structures of the ﬁve polymorphic forms of dl-Hep are shown
in Figures 6.3 and 6.4. The torsion angles mentioned below are for the absolute
conﬁguration S. The unit cell of form IV will be used as a reference to describe
the structural changes for the other polymorphic forms. Form I is a P21
structure with Z ′ = 6 and disorder in the side chains of three of the molecules
in the asymmetric unit. Several diﬀerent conformations of the aliphatic chain
are present in the crystal structure. The most common conformation is
gauche–,trans,trans,trans. In Figure 6.3a alternative conformations are shown
in purple, and in Figure 6.4a only one conformation is shown for each molecule
for clarity. Form II is an ordered C2 structure with Z ′ = 8 and two distinct
conformations of the molecules; gauche–,trans,trans,trans is the conformation
in six molecules and gauche–,trans,trans,gauche+ is the other conformation
that systematically only occurs in two of the S molecules in the asymmetric
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unit. The unit cell axes of form II are dashed in Figures 6.3b and 6.4b, since
they are too long to be displayed completely. Form III is a C2/c structure and
form IV a P21/c structure, both with Z ′ = 1 and gauche–,trans,trans,trans
conformation. Form V is a heavily disordered C2/c structure with both
enantiomers occupying the same position in the asymmetric unit in an
approximately 90/10% ratio. This is a result of an incomplete phase transition
at 399 K, which leads to the stacking fault. In the major component the alkyl
chain adopts three distinct conformations (1) gauche–,trans,gauche+,trans,
(2) trans,trans,syn,trans and (3) gauche+,trans,syn,trans, whereas the minor
component is in syn,trans,gauche–,trans conformation. The disorder of the
major component at this considerably elevated temperature probably arises
from the distance between subsequent bilayers, which becomes small (only 1.9
Å shortest H-H distance) if only the gauche–,trans,gauche+,trans conforma-
tion would be present. In the alternative conformations trans,trans,syn,trans
and gauche+,trans,syn,trans the aliphatic chain is more compact, thereby
generating more space between the bilayers. In Figure 6.3e the alternative
conformation trans,trans,syn,trans is shown in purple, and in Figure 6.4e only
one conformation is shown for each molecule for clarity.
As can be observed in Figure 6.2 and Table 6.1, the molecular volume
is larger for form I than form II. A volume increase on cooling to another
polymorph contradicts the density rule and is quite rare. However, recently the
same phenomenon was observed for the molecule dapsone, which also involved
a small shift of molecular layers and minor conformational changes.171 Under
normal circumstances a structure contracts on cooling, however in the case
of a phase transition with a conformational change the volume occupied by
the molecules can increase. In particular in amino acid layered structures
there is always a trade-oﬀ between a compact structure with a higher energy
conformation and a less compact structure with larger cavities.77,78,172 The
longer the aliphatic chain, the more possibilities there are for conformational
changes to optimise the stacking.
The crystal structures of Forms I and II are found to be in the (non-
centrosymmetric) Sohnke space groups P21 and C2, respectively, and therefore
do not possess formal symmetry elements of the second kind, which are nec-
essary to generate the second enantiomer of the racemic mixture. Racemates
that crystallise in a Sohnke space group are also called ‘kryptoracemates’.173
Close inspection of the structures shows a pseudo inversion centre (see Figure
6.3) between molecules where conformational ﬂexibility of the aliphatic chains
breaks the strict symmetry. The phenomenon of racemates crystallising in non-
centrosymmetric space groups (including also non-Sohnke) has been observed
in similar materials previously and is fully studied by Dalhus and Gørbitz,174
who describe them as non-centrosymmetric racemates and document its rela-
tively high occurrence among racemates in the CSD.143 This is also the reason
for the relatively high values of Z ′ for these structures (see solid-state NMR
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section described later) indicating a superstructure compared to the other poly-
morphic forms, i.e. additional structure that is superimposed on a given crystal
structure.
(a) Form I (b) Form II
(c) Form III (d) Form IV
(e) Form V
Figure 6.3: dl-Hep crystal structures of the ﬁve polymorphic forms (a) I, (b) II,
(c) III (d) IV and (e) V, drawn in the ac-plane of form IV for comparison. l-
Hep molecules (absolute conﬁguration S) are depicted in yellow, d-Hep molecules
in blue. The purple molecules indicate the minor conformations. The green boxes
indicate diﬀerences in conformation of the aliphatic chains, the purple and red boxes
indicate the relative positions of the bilayers.
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(a) Form I
(b) Form II
(c) Form III
(d) Form IV
(e) Form V
Figure 6.4: dl-Hep crystal structures of the ﬁve polymorphic forms (a) I, (b) II, (c)
III (d) IV and (e) V, only one conformation of forms I and V is shown), drawn in the
ab-plane of form IV for comparison. l-Hep molecules (absolute conﬁguration S) are
depicted in yellow, d-Hep molecules in blue. The green boxes indicate diﬀerences in
conformation of the aliphatic chains, the purple boxes indicate the relative positions
of the bilayers.
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In general, the crystal structures diﬀer in the stacking of the bilayers and/or
the conformation of the aliphatic chains, but the hydrogen-bonding pattern
remains largely unaﬀected. Forms I and II mainly diﬀer in the bilayer stacking
by a shift of every second bilayer over [0 1/2 1/2] with respect to the P21/c
unit cell of form IV. Furthermore, the conformations are diﬀerent in both forms,
although the main conformation is the same.
Forms II and III only diﬀer in the number of molecules in the asymmetric
unit and conformation. Despite a signiﬁcant volume change between these two
forms the stacking pattern remains the same, as is shown by the purple boxes in
Figures 6.3b, 6.3c, 6.4b and 6.4c. The II→III phase transition mainly involves
the change in conformation of two S molecules per eight dl-Hep molecules
from gauche–,trans,trans,gauche+ to gauche–,trans,trans,trans, as is indicated
for one molecule by the green boxes in Figures 6.3b, 6.3c, 6.4b and 6.4c.
Forms III and IV have a similar conformation of the molecule gauche–
,trans,trans,trans, but diﬀer in the bilayer stacking by a shift of every second
bilayer over [0 1/2 1/2] with respect to the P21/c unit cell of form IV, which
is indicated by the purple boxes in Figures 6.3c, 6.3d, 6.4c and 6.4d. Since
there is no conformational change, both forms have a very similar volume per
molecule.
The IV→V phase transition involves a packing change by a shift over
[0 1/2 0] with respect to the P21/c unit cell of form IV, which is indicated
by the purple boxes in Figures 6.4d and 6.4e. The conformation changes
from gauche-,trans,trans,trans in form IV to gauche–,trans,gauche+,trans and
trans,trans,gauche–,trans in form V, indicated by the green boxes in Figures
6.3d and 6.3e. The most likely mechanism for this transition is via a rotation
in a ‘pedal crank’-like fashion, i.e. the rotation of the aliphatic chain (equal
and opposite in the two halves of a single bilayer) enables the antiparallel slip-
page of adjacent bilayers. This has to occur along the C4–C5 bond for the ﬁrst
conformation of form V and additionally along the C2–C3 bond for the second
conformation. The red boxes in Figures 6.3d and 6.3e show that in this way,
no shift over [0 0 1/2] is necessary during the phase transition.
6.3.2 Diﬀerential scanning calorimetry
The solid-state phase transitions of dl-Hep have been characterised using DSC
by determining the transition temperatures, the enthalpies of transition and the
reversibility and reproducibility. A typical DSC curve of dl-Hep between 133
and 423 K shows two endothermic events during heating and two exothermic
events during cooling, both in powder and single crystals, and is shown for a
powder in Figure 6.5a. Following the SCXRD results, three solid-state phase
transitions should occur in this temperature range. All events are reproducible
and in accordance with the ‘heat-of-transition rule’.11 Two reversible solid-state
phase transitions occur at 146 K and 396 K, both with a small hysteresis of
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1-2 K. The transitions have been identiﬁed as the II↔III transition at 146 K
and the IV↔V transition at 396 K, for which the enthalpies of transition are
0.8±0.1 kJmol−1 and 2.8±0.3 kJmol−1, respectively. The small hysteresis and
the similar magnitude of the enthalpy measured during heating and cooling of
the same transition, shows that these two transitions are thermodynamically
reversible and not kinetically hindered. The III↔IV transition is only visible
in single crystals using a heating rate of 5Kmin−1 or higher, as a very low
intensity broad signal at 213 K during cooling and 223 K during heating with
a ΔH < 0.04 kJmol−1, as is shown in Figure 6.5b. This phase transition is
similar to the β ↔ α phase transition in dl-Nle, there we have attributed the
large hysteresis to the small driving force for the phase transition.139 The other
phase transitions all involve conformational changes of the molecules and thus
larger transition enthalpies, which leads to a larger driving force just above
or below the transition point and therefore a small hysteresis. The transition
temperatures are in accordance with the SCXRD results in Figure 6.2.
6.3.3 Thermal stage polarisation microscopy
Single crystals of dl-Hep have been monitored as a function of temperature
using thermal stage polarisation microscopy, snapshots of which are shown in
Figure 6.6. The snapshots are compiled as a video capture in the ﬁle ‘Movie S1’
in the supporting information. The high temperature IV↔V phase transition
is clearly observed as motions of the whole crystal or its separate layered parts.
In addition, there is a change in the polarisation colour, which often occurs
as several consecutive colour changes for the diﬀerent layers in the crystal. In
some cases a transition front within the plane of a layer is observed, originating
from a visible defect, but mostly the transition appears to be instantaneous in a
layer using a frame rate of 3 Hz. This fast propagation within a layer indicates
possible cooperative motion. To accommodate the conformational changes in a
cooperative mechanism, we suggest a ‘pedal crank’-type mechanism. The tran-
sition occurs at about 397 K, with a small variation in transition temperature
between diﬀerent crystals, and it is fast and repeatable. No visible delami-
nation or deterioration of the crystallinity occurs. There is a small hysteresis
between the heating and cooling cycles of about 1 K.
The low temperature II↔III transition is less apparent, though in most
crystals it can be observed as a small change in polarisation colour and in some
cases as motions of the whole crystal or a few layers, see ‘Movie S2’ in the
Supplemental Information. The phase transition occurs at about 146 K, with
some variation in transition temperature between diﬀerent crystals, and it can
be spread out over 10-20 K within one crystal. This is probably a result of
slow kinetics at these low temperatures, since there is only a small hysteresis
between the heating and cooling cycles of about 1-2 K in most cases.
There was no clear indication of the III↔IV phase transition in our thermal
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(b)
Figure 6.5: DSC thermograms of dl-Hep (a) powder (6.2 mg) between 133 to
433 K, showing the II↔III transition at 146 K and the IV↔V transition at 396 K
at a heating rate of 2Kmin−1, (b) two single crystals (1.4 mg) showing the III↔IV
transition between 213 and 223 K at a heating rate of 5Kmin−1. The transitions
were reversible and repeatable, both in powder and single crystals.
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(a)
(b)
Figure 6.6: Thermal microscopy images of the phase transitions of dl-Hep; (a) the
IV→V phase transition, and (b) the V→IV phase transition at 397 K.
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stage microscopy measurements, although several very small movements can be
observed at various temperatures (see Movie S2 in the supporting information)
that might indicate partial transitions. This phase transition is very subtle and
almost too weak for optical detection.
6.3.4 Solid-state NMR
Solid-state NMR can reveal small diﬀerences in the local environment of the
carbon atoms, showing the coexistence of phases and diﬀerences between sim-
ilar crystal structures. The solid-state NMR spectra of dl-Hep (Figures 6.7
and 6.8) show the II↔III and and IV↔V phase transitions between 128-143 K
and 383-403 K, respectively. The III↔IV phase transition is not detectable,
as is shown in more detail further on. The high temperature IV↔V phase
transition is observed as a change in the chemical shift of all carbon atoms,
except C2, with the largest shift in C6. The transition is fast, coexistence of
both phases is only visible at 393 K during cooling, and could even be a result
of a temperature gradient in the sample. The II↔III transition is observed as
an increase of the number of distinct chemical environments for each carbon
atom upon cooling, indicated by severe line broadening. This is most clearly
observable in the signal of C6 and C7, for which at least two (C6) and four
(C7) distinct peaks can be distinguished, respectively. This phase transition
showed no signiﬁcant hysteresis in DSC measurements, both for powders and
single crystals. However, the transition temperature is close to the limit of
what can be achieved for the NMR probe used, therefore the temperature con-
trol is slightly less accurate and there is some lag in the actual temperature of
the whole sample, since the cooling is done using a nitrogen gas ﬂow.
Forms III, IV and V all have Z ′ = 1, thus generating only one chemical
environment for each distinct atom. However, the asymmetric unit of form II
consists of eight molecules, with each a distinct chemical environment. This is
illustrated by Figure 6.9, where non-symmetry-equivalent molecules are repre-
sented by eight diﬀerent colours within the unit cell for form II. First of all, two
conformations can be distinguished; conformation A of the yellow (CB), dark-
green (CD), red (CE), pink (CF), dark-blue (CG), and orange (CH) molecules,
and conformation B of the light-green (CA) and light-blue (CC) molecules in
Figure 6.9.
The assignment of the 13C NMR peaks to the carbon atoms in the unit cell
was derived from Density Functional Theory (DFT) calculations. Figures 6.10a
and b both show in black the total calculated NMR spectrum of form II and
in colours the calculated peaks originating from conformation A (Figure 6.10a)
and conformation B (Figure 6.10b). The calculated NMR spectrum is shown
with a sum of gaussians with FWHM = 0.24 pmm at the calculated chemical
shifts. For comparison, Figure 6.10c shows the experimental NMR spectrum
of form II at 128 K.
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Figure 6.7: 13C CPMAS NMR spectra of a powder sample of dl-Hep during cooling
from 423 to 128 K. The V→IV phase transition occurs between 403 and 383 K and
it involves a change in chemical shift of all peaks except C2. The IV→III transition
is not detectable. The broadening of the peaks at 128 K clearly shows the onset of
the III→II transition.
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Figure 6.8: 13C CPMAS NMR spectra of a powder sample of dl-Hep during heat-
ing from 128 to 423 K. The narrowing of the peaks between 138 and 143 K shows
the II→III transition. The III→IV transition is not detectable. The IV→V phase
transition occurs between 393 and 403 K and it involves a change in chemical shift of
all peaks except C2.
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Figure 6.9: The crystal structure of form II of dl-Hep, depicted in the ac-plane,
showing the eight diﬀerent molecules (CA to CH) in the asymmetric unit in distinct
colours. A and B indicate the two distinct conformations of the molecules.
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Figure 6.10: Comparison of the DFT calculations and the 13C CPMAS NMR spec-
trum of dl-Hep form II for C3, C4, C5, C6 and C7. The chemical shift values from
the DFT calculations for the (a) A and (b) B conformations of dl-Hep II are depicted.
The black lines in (a) and (b) show the total calculated NMR spectrum, assuming
equal weight and width for each contributing C. The coloured peaks show the contri-
bution of conformation A (a) and B (b) to this spectrum. Adding all contributions
from all coloured peaks from both A and B yields the total (black line) (c). The
experimental 13C NMR spectrum of form II measured at 128 K.
118
519853-L-bw-Smets
Processed on: 27-6-2018 PDF page: 127
The two peaks of C6 belong to the two diﬀerent conformations present in
form II, the corresponding values are 25.4 and 23.3 ppm for conformation A
and B, respectively. Moreover, the order of the chemical shift peaks is diﬀerent
from what would be expected based on the NMR spectra of the similar amino
acid dl-Nle.139 In dl-Nle, when moving along the chain towards the terminal
CH3, the 13C chemical shift always increases. This is not the case here, where
the C3 and C5 have lower shifts than the C4 and C6. The positions of the C3
and C5 peaks are exchanged in the A and B conformations, and the C4 peak of
conformation A is in between the C3/C5 and C6 positions. Additionally, the
C4 peak of conformation B overlaps with the C6 of conformation A according
to the calculations. The 13C NMR chemical shifts calculated by DFT are
shown for each separate molecule in the asymmetric unit in the Supporting
Information.
According to the DFT calculations (see Supporting Information for more
details), the red (CE) and pink (CF) molecules of form II have chemical shifts
most similar to form III. These molecules and their direct neighbours in the
unit cell are all of conformation A, which is the same conformation as is present
in form III. Both contribute to the middle C7 peak at 14.3 ppm. We identify
this with the experimental peak at 15.5 ppm, which has the highest relative
intensity of the four peaks. Furthermore, the light-green (CA) and light-blue
(CC) molecules are both of conformation B and all their direct neighbours are
of conformation A. This apparently results in a similar chemical shift for both B
molecules at 13.3 ppm, which corresponds to the experimental C7 at 14.6 ppm.
The other molecules of the A conformation have at least one B molecule as a
(nearest) neighbour. Since the distance to the directly opposite neighbour is
the smallest, this is considered to have the largest eﬀect on the chemical shift.
However, the position of the C7 peak for the other molecules is not clearly
related to the nature of the opposite neighbour. The C7 position of the orange
(CH) molecule even overlaps with the positions of the B molecules according
to the DFT calculations, which is unexpected. Therefore our assignment of the
eight molecules to the observed C7 spectrum is not unambiguous.
In summary, the observed splitting of the chemical shift in the solid-state
NMR spectra conﬁrms the increase of Z ′ during the III→II transition, and this
is supported by DFT calculations.
The chemical shift as a function of temperature for all carbon atoms is shown
in Figure 6.11 for a powder sample. Measurements of single crystals did not
show signiﬁcant diﬀerences compared to powder samples. Again, the II↔III
and IV↔V phase transitions can be clearly recognised by the discontinuity in
the value of the chemical shift of several carbon atoms. This is indicated by
the black dashed lines that correspond to the temperatures at which the phase
transitions were observed in SCXRD measurements depicted in Figure 6.2. The
III↔IV phase transition is not clearly visible, only a gradual change in the slope
of the chemical shift as a function of temperature can be seen, which might
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be a result of this transition. The observed phase transition temperatures in
SCXRD are shown for the III↔IV phase transition during cooling (blue) and
heating (red), but no well-deﬁned change in the slope has been observed at
these temperatures.
The chemical shift diﬀerence of the high temperature IV↔V phase transi-
tion is only 0.5 and 0.3 ppm for C6 and C7, respectively, although it involves
both a shift and a conformational change. Also, only one set of peaks is ob-
served for form V, although the crystal structure shows two conformations with
relatively high occupancies. Possibly, the disorder in conformation is dynamic
and averages out during the NMR measurements.
6.3.5 Comparison with DL-norleucine
The three polymorphic forms of dl-norleucine (dl-2-aminohexanoic acid, dl-
Nle), described in detail in Refs. 87 and 139, have very similar structures
to three of the polymorphs of dl-Hep. The β form of dl-Nle is stable at
low temperatures, the α form at room temperature and the γ form at high
temperatures. Here, we compare the crystal structures and the solid-state
phase transition behaviours of dl-Hep and dl-Nle.
The low temperature dl-Hep III↔IV and the dl-Nle β ↔ α phase transi-
tions both involve the same shift over [0 1/2 1/2] in the packing of the bilayers
(compare the contents of the purple boxes in Figures 6.3c, 6.3d, 6.4c and 6.4d),
no conformational change nor any signiﬁcant volume change. While the dl-Nle
β ↔ α phase transition has an estimated enthalpy of only 0.3 kJmol−1 and is
diﬃcult to reproduce, the dl-Hep III↔IV phase transition has an even lower
transition enthalpy of 0.04 kJmol−1, but it is reproducible at heating rates
above 5Kmin−1. The corresponding transition temperatures are 253-268 K
and 213-223 K, respectively. These transitions have an overall low transition
rate, since diﬀerent domains of layers transform independently. Increased chain
mobility in the longer aliphatic chains of dl-Hep weakens the interactions be-
tween the chains on opposite sides of a bilayer-bilayer interface, probably re-
sulting in a smaller transition enthalpy and a lower transition temperature for
this type of transition.
The high temperature dl-Hep IV↔V and the dl-Nle α ↔ γ phase transi-
tions both involve a packing and a conformational change. These phase transi-
tions are relatively fast and reproducible with a small hysteresis. Similar to the
low temperature phase transitions, the transition enthalpy of dl-Nle α ↔ γ
is signiﬁcantly higher than of dl-Hep IV↔V, 4.8 kJmol−1 and 2.8 kJmol−1,
respectively. The transition temperatures are quite similar, 390 and 396 K,
respectively. In addition, the solid-state NMR measurements show that the
chemical shift diﬀerences of terminal carbon atom (C6) for the dl-Nle phase
transitions are signiﬁcantly larger than for dl-Hep (C7); 0.4 vs. < 0.1 ppm for
the low temperature transitions and 0.8 vs. 0.3 ppm for the high temperature
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Figure 6.11: 13C chemical shift of dl-Hep as a function of temperature for a pow-
der sample. The dashed lines indicate the phase transition temperatures observed
in SCXRD measurements (Figure 6.2) for forms II↔III (black), for III↔IV during
cooling (blue) and heating (red), and for IV↔V (black).
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transitions. Again, we think that the increased chain mobility further reduces
the strength of the weak interactions between the layers, thereby resulting in
smaller enthalpy and chemical shift diﬀerences between the polymorphic forms.
Other eﬀects can also play a role, especially in the comparison of the high
temperature transitions. Firstly, the torsion angle that changes for one of the
two form V conformations in the dl-Hep IV↔V transition is positioned more
toward the end of the aliphatic chain than for the dl-Nle α ↔ γ transition,
which decreases the impact of the phase transition on the initial structure
compared to dl-Nle. Secondly, the shift in packing is in a diﬀerent direction
and covers a shorter distance than in dl-Nle. Furthermore, the NMR chemical
shifts of diﬀerent conformations in form V could be averaged out due to high
mobility. Lastly, the carbon chain length is odd for dl-Hep and even for dl-
Nle, which inﬂuences the mutual orientation of the aliphatic chains and could
inﬂuence the energy barrier for the rearrangement of the bilayers.
6.4 Conclusion
The rich polymorphic landscape and the solid-state phase transitions of dl-
aminoheptanoic acid (dl-Hep) have been studied in detail. Five new polymor-
phic forms and four fully reversible single-crystal-to-single-crystal solid-state
phase transitions between these forms have been discovered. In general, the
crystal structures show great similarity to other racemic amino acids with a lin-
ear (unbranched) aliphatic chain, consisting of bilayers based on a 2D ld–ld
hydrogen bonding network and dispersive interactions between the aliphatic
chains. The low temperature forms I and II of dl-Hep are superstructures,
which had not been observed up to now in linear racemic amino acids; the
crystal structures were reﬁned as high Z ′ structures (Z ′ = 6 and Z ′ = 8, re-
spectively). The increase in Z ′ is conﬁrmed by solid-state NMR measurements.
DFT calculations of the NMR chemical shift showed an unexpected assignment
of the NMR spectrum to the carbon atoms of dl-Hep.
The increased chain length of dl-Hep results in increased chain mobility
of the aliphatic chains, which weakens the interactions between the chains on
opposite sides of a bilayer-bilayer interface. Therefore, the enthalpies of tran-
sition and the 13C chemical shift diﬀerences of the solid-state phase transitions
in dl-Hep are much smaller than for the related transitions in dl-norleucine
(dl-Nle). This multidisciplinary study shows that a combination of techniques
is necessary to optimally cover the experimental polymorphic landscape. Weak
interactions within the crystal structure allow for very subtle solid-state phase
transitions that can easily be overlooked.
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Density Functional Theory calculations of NMR chemical shift
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Figure 6.12: DFT calculations of the 13C CPMAS NMR spectrum of dl-Hep form
II for C3, C4, C5, C6 and C7. The chemical shift values from the DFT calculations
within the crystal structure are shown for the eight separate molecules in the asym-
metric unit. The black lines show the total calculated NMR spectrum for the eight
molecules, the coloured peaks show the contributions of the separate molecules.
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Chapter 7
Polymorphism of the quasiracemate
D-2-aminobutyric acid:L-norvaline
Here we report two new crystal structures of the amino acid quasiracemate
d-2-aminobutyric acid:l-norvaline, as well as the fully reversible solid-state
phase transition which connects the two forms. The room temperature form II
is obtained by co-crystallisation through slow evaporation from an equimolar
aqueous solution. Form I is obtained through cooling of form II below 150 K.
The crystal structures of forms I and II have been determined using single
crystal X-ray diﬀraction at 100 and 150 K, respectively. Both forms consist
of 2D hydrogen bonded bilayers with an ld–ld hydrogen bonding pattern.
The room temperature form II shows two conformations for the l-norvaline
side chain in a disordered 50/50 occupancy distribution. The solid-state phase
transition between the two polymorphic forms involves a displacement of the
bilayers and conformational changes in all molecules. It has been further
characterised using diﬀerential scanning calorimetry and thermal polarisation
microscopy. These crystal structures and the single-crystal-to-single-crystal
phase transition are similar to other quasiracemates and racemates of linear
chain aliphatic amino acids.
This chapter has been published as:
M.M.H. Smets, E. Kalkman, P. Tinnemans, A.M. Krieger, H. Meekes
and H.M. Cuppen, “Polymorphism of the quasiracemate d-2-aminobutyric
acid:l-norvaline”, CrystEngComm 19, 5604-5610 (2017), dx.doi.org/10.1039/
c7ce01270e.
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7.1 Introduction
Quasiracemates are co-crystals consisting of ‘a 1:1 mixture of two related but
distinct compounds of opposite chirality’.130 Generally, their structures are
similar to their purely racemic counterparts, often displaying pseudo-inversion
symmetry, and can therefore be used to investigate the inﬂuence of molecu-
lar shape on crystal structures and molecular alignment.175–177 In the case of
amino acids, many quasiracemates have been found by Gørbitz et al. over the
past 18 years.130,172,178–182 Most of the linear aliphatic chain quasiracemates
consist of bilayers interconnected by an ld–ld hydrogen bonding pattern. Since
racemic amino acids with a linear aliphatic chain are known for their single-
crystal-to-single-crystal phase transitions, see Refs 87,118,122,139,154 and ref-
erences therein, it is not surprising that most of the linear quasiracemates are
also polymorphic and have reversible solid-state phase transitions. These phase
transitions of the amino acid racemates and quasiracemates often involve the
displacement of the molecular bilayers and in many cases a conformational
change or an order–disorder transition. Gørbitz et al. have studied the phase
transitions of some quasiracemates in detail and found that these transitions
take place in two steps, as was indicated by structure reﬁnements of interme-
diate structures.130 In the ﬁrst step towards the intermediate structure, a shift
occurs at every second interface between bilayers. In the second step another
shift occurs at the interfaces not shifted in the ﬁrst step. This ultimately re-
sults in a structure shifted at each interface between bilayers compared to the
original structure. This is distinctly diﬀerent from the polymorphic racemic
amino acids, for which no such intermediate structure has been found so far.
In this work, we report on the crystal structures and phase transition of the
quasiracemate of d-2-aminobutyric acid and l-norvaline (d-Abu:l-Nva). The
molecular structures of d-Abu and l-Nva, which diﬀer only one CH2 in length
of the aliphatic chain, are shown in Figure 7.1. A previous attempt by Dalhus
and Gørbitz to determine the structure of the mirror-image quasiracemate l-
Abu:d-Nva has been reported as an ‘incomplete structural model with a high
R-factor at 150 K’, but indicated an ld–ld hydrogen bonding pattern.182 Both
racemic counterparts dl-Abu and dl-Nva, as well as the enantiopure coun-
terparts l-Abu and l-Nva, are known for their single-crystal-to-single-crystal
phase transitions and most of their crystal structures show severe disorder in
the conformations of the aliphatic chains.118,122,183 The racemic compounds
dl-Abu and dl-Nva both have the ld–ld hydrogen bonding pattern, which is
typical for amino acid racemates. Here, the quasiracemate d-Abu:l-Nva is also
conﬁrmed to consist of an ld–ld hydrogen bonding pattern and to be polymor-
phic. The crystal structures of the two enantiotropically related polymorphic
forms of d-Abu:l-Nva and its thermally induced solid-state phase transition
are described in detail.
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Figure 7.1: The molecular structure of the amino acids (a) d-2-aminobutyric acid
and (b) l-norvaline.
7.2 Experimental
7.2.1 Materials and crystallisation
The amino acids l-Nva and d-Abu were purchased from Alfa Aesar and used as
received. Initially, liquid-assisted grinding (LAG) was performed on a Retsch
Mixer Mill MM 400 at 30 Hz as a ﬁrst screening method for the formation of a
co-crystal powder. Equimolar amounts of l-Nva and d-Abu (100mg in total)
were used and the sample was ground for 25 min using 10 μL ethanol, and a
second time for 25 min after adding another 10 μL ethanol.
In a second stage, various crystallisation methods were used to obtain single
crystals of high quality. The method that provided the best crystals suitable
for single crystal X-ray diﬀraction, as judged from polarisation microscopy, was
slow evaporation of a 1 mL solution of 11.0mgmL−1 d-Abu and 12.5mgmL−1
l-Nva (equimolar amounts) in water. High quality crystals in the shape of
plates were formed.
7.2.2 Powder X-ray diﬀraction
Powder X-ray diﬀraction (PXRD) measurements were performed on a Bruker
D8 AXS Advance X-ray Diﬀractometer in θ/2θ mode. The diﬀractometer
was equipped with a Johansson type monochromator with a focussing curved
Ge(111) crystal. Cu Kα1 radiation was used at a voltage of 40 kV and a current
of 40mA. The PXRD patterns were collected in the range from 2° to 50°, using
a VÅNTEC-1 detector. Samples were measured on a silicon wafer.
7.2.3 Diﬀerential scanning calorimetry
Diﬀerential scanning calorimetry (DSC) measurements were performed using
a Mettler Toledo DSC1 calorimeter with a high sensitivity sensor (HSS8), in
combination with LN2 liquid nitrogen cooling, a sample robot and STARe soft-
ware 13.00a. Powder samples of d-Abu, l-Nva and the ball-milled co-crystal
d-Abu:l-Nva, as well as single crystals of the co-crystal d-Abu:l-Nva were
cooled and subsequently heated in repeated cycles at a rate of 2Kmin−1 in the
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temperature range of 123 to 423 K. Samples of a few milligrams were sealed in
an aluminium pan (40 μL) and the heat ﬂow as a function of temperature was
measured compared to an empty reference pan. The calorimeter was calibrated
with the melting points of indium (Ton = 429.5K and ΔfusH = −28.13 J g−1)
and zinc (Ton = 692.85K and ΔfusH = −104.77 J g−1), both supplied by Met-
tler Toledo.
7.2.4 Single crystal X-ray diﬀraction
Single crystal X-ray diﬀraction (SCXRD) measurements of d-Abu:l-Nva were
collected on a Bruker D8 Quest diﬀractometer with a sealed tube (Mo Kα
radiation) and a Triumph monochromator (λ = 0.71073 Å). Full data sets of
d-Abu:l-Nva form I and form II were measured at 100 and 150 K, respec-
tively. A cooling rate of 4Kmin−1 was used to reach these temperatures. The
software package SAINT was used for the intensity integration.144 Absorption
correction was performed with SADABS.145 The structures were determined
using the dual space method in SHELXT.146 Least-squares reﬁnement was
performed with SHELXL-2014147 against F 2 of all reﬂections. For the struc-
ture reﬁnement, all non-hydrogen atoms were reﬁned freely with anisotropic
displacement parameters, even in the presence of disorder for l-Nva. Hydro-
gen atom positions were calculated or located in diﬀerence Fourier maps. All
hydrogen atoms were reﬁned with a riding model.
7.2.5 Thermal stage polarisation microscopy
Single crystals of d-Abu:l-Nva were studied under a nitrogen atmosphere in
a Linkam LTS420 thermal stage. The thermal stage was coupled to a Zeiss
Axioplan 2 Imaging polarisation microscope to observe the phase transition in
situ. The microscope images were recorded with a MediaCybernetics Evolution
VF digital camera. The temperature was varied between 123 and 293 K, using
a heating rate ranging from 2 to 5Kmin−1.
7.3 Results and discussion
7.3.1 Powder X-ray diﬀraction
The co-crystal d-Abu:l-Nva was obtained from an equimolar mixture of l-Nva
and d-Abu, using liquid-assisted grinding (LAG) to form a powder. PXRD
measurements of the starting materials, l-Nva and d-Abu, and the mixture
after LAG are shown in Figure 7.2. Despite the preferred orientation that is
clearly present, several new peaks have appeared for the co-crystal compared to
the starting materials, indicating the formation of a new phase. However, some
faint peaks of the starting materials were still present, so the transformation
to a co-crystal was almost complete.
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Figure 7.2: PXRD measurements of d-Abu, l-Nva and the d-Abu:l-Nva co-crystal
formed by liquid-assisted grinding.
7.3.2 Diﬀerential scanning calorimetry
The thermal behaviour of the d-Abu:l-Nva quasiracemate compared to the
starting materials was further inspected using DSC measurements between 123
and 423 K, see Figure 7.3. Pure d-Abu shows a very narrow peak at an onset
temperature of 205.5 K during cooling and 209 K during heating, and a broad
transition between 270 and 356 K. Pure l-Nva shows two narrow peaks, at an
onset temperature of 203 and 268.5 K during cooling and at 203.5 and 271.8 K
during heating. Hence, all transitions of the enantiopure compounds show
small hysteresis. These peaks in d-Abu and l-Nva all correspond to known
solid-state phase transitions.183
The DSC thermogram of the ball-milled co-crystal of d-Abu:l-Nva (Figure
7.3a) shows none of the peaks present for pure d-Abu and l-Nva. In contrast,
new, relatively broad peaks appear indicating an exothermic thermal event with
an onset temperature of 143 K during cooling and two endothermic thermal
events at approximately 158 and 167 K during heating. In contrast with the
enantiopure forms, this transition shows a hysteresis of at least 15 K. The
transition enthalpy (ΔtrsH) is 1.4 kJmol−1 per molecule, both for the single
peak during cooling and the two peaks combined during heating. The transition
enthalpy is expressed as an average per mol molecules, instead of per mol of the
asymmetric unit d-Abu:l-Nva, for easier comparison to the values of related
racemic and enantiopure compounds. The peak positions were reproducible in
diﬀerent powder samples as well as in two subsequent runs for each sample, but
there was some variation in the absolute and relative intensities of the two peaks
during heating between diﬀerent ball-milled samples of the quasiracemate.
For comparison, single crystals were subjected to DSC measurements. Be-
cause of the small crystal size we used a collection of six single crystals of the
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quasiracemate, obtained by solvent evaporation crystallisation from an equimo-
lar mixture in water, see Figure 7.3b. Additionally, we measured individual
crystals (thermograms not shown). The latter measurements typically show
a low intensity, slightly broadened single peak. The intensity of the low tem-
perature peak is too low to detect. There can be a variation of 2-10 K in
the observed transition temperature both between diﬀerent cycles of the same
crystal and between diﬀerent crystals of the same batch. The broadening of the
peak originates from diﬀerent domains of layers in the crystal that transform
at slightly diﬀerent temperatures. Similar observations were made for crystals
of dl-norleucine139 and of dl-methionine.154
The DSC thermogram in Figure 7.3b of the sample of six crystals has again a
low temperature peak during heating around 168 K, which is very low in inten-
sity compared to the ball-milled sample. The thermogram further shows quite
some variation in the phase transition temperature during cooling, probably
originating from the variation between the diﬀerent crystals.
The ball-milled sample consists of many small crystallites, ranging from
approximately 2 to 20 μm in size according to scanning electron microscopy
(SEM) images, and these crystallites contain more defects than the single crys-
tals, created by the ball-milling process. Both crystallite size and defect density
inﬂuence the nucleation and growth rates of the phase transition, and it is not
a priori clear which eﬀect prevails. Defects can act as nucleation centres for
phase transitions, but can also slow down the growth rate. As a result, the
DSC signal for the ball-milled sample has a diﬀerent shape and peak position
compared to the single crystal case. Since the intensity ratio of the two peaks
during heating varies from sample to sample, the split peak shape of the ball-
milled sample is believed to originate mainly from variations between diﬀerent
crystallites in the sample, which have diﬀerent observed transition tempera-
tures. We will come back to this point further on. Again, this asymmetric
behaviour in the peak during heating and cooling, has been observed before in
the amino acids dl-methionine154 and dl-aminobutyric acid.118
7.3.3 Single crystal X-ray diﬀraction
Single crystal XRD measurements conﬁrmed the formation of a quasiracemic
d-Abu:l-Nva co-crystal. Structure determinations at 100 and 150 K revealed
two polymorphic forms; low temperature form I and room temperature form
II, respectively. Polymorph I has been measured below the phase transition
temperature, by cooling a crystal from room temperature directly to 100 K.
The structure of polymorph II was determined just above the transition tem-
perature, by cooling a crystal from room temperature to 150 K. The powder
pattern of the ball-milled sample measured at 293 K has been compared to
generated powder patterns of both crystal structures of d-Abu:l-Nva and it
corresponds to form II when corrected for thermal expansion of the unit cell.
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Figure 7.3: DSC cooling and heating runs of (a) d-Abu (2.69 mg), l-Nva (2.51 mg)
and the ball-milled d-Abu:l-Nva co-crystal (2.28 mg) and (b) ball-milled d-Abu:l-
Nva compared with a collection of six single crystals of d-Abu:l-Nva (0.48 mg), using
a heating rate of 2Kmin−1.
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Table 7.1: Crystal structure data and experimental details of d-Abu:l-Nva quasiracemate
SCXRD measurements.
Form I Form II
Crystal Data
CCDC dep. number 1550144 1550145
Chemical formula C4H9NO2:C5H11NO2 C4H9NO2:C5H11NO2
Mr (gmol−1) 220.27 220.27
Crystal system Monoclinic Monoclinic
Space group P21 C2
Temperature (K) 100 150
a (Å) 9.915 (3), 26.390 (4)
b (Å) 4.8296 (13) 4.7685 (7)
c (Å) 11.944 (3) 9.8738 (14)
β (◦) 92.907 (9) 102.406 (5)
V (Å3) 571.2 (3) 1213.5 (3)
Z,Z′ 2, 1 4, 1
Radiation type Mo Kα Mo Kα
μ (mm−1) 0.10 0.09
Crystal size (mm) 0.51 x 0.47 x 0.02 0.35 x 0.23 x 0.02
Data collection
Diﬀractometer Bruker D8 Quest Bruker D8 Quest
Absorption correction Multi-scan Multi-scan
Tmin , Tmax 0.607, 0.745 0.659, 0.746
Reﬂections collected 4672 20139
Independent reﬂections 1963 2917
Observed [I > 2σ(I)] reﬂections 1485 2618
Rint 0.050 0.030
(sin θ/λ)max (Å−1) 0.596 0.667
Reﬁnement
R[F 2 > 2σ(F 2)] 0.068 0.032
wR(F 2), S 0.187, 1.05 0.088, 1.04
No. of reﬂections 1963 2917
No. of parameters 156 185
No. of restraints 1 1
Δρmax, Δρmin (eÅ−3) 0.39, -0.33 0.24, -0.22
Abs. structure parameter -1.6 (10) -0.3 (4)
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Crystal structure data are shown in Table 7.1.
The crystal structures are shown in Figures 7.4 and 7.5 for comparison.
Both polymorphic forms of d-Abu:l-Nva consist of molecular bilayers made
up by an ld–ld 2D hydrogen bonding pattern in the hydrophilic part and
dispersive interactions between the bilayers. Polymorph I has the following
torsion angles; gauche– for d-Abu and gauche–,trans for l-Nva. This results
in the aliphatic chains of d-Abu to be oriented towards each other along the
c-axis, and the l-Nva molecules on opposite sides of a bilayer interface to be
tilted due to steric hindrance.
Polymorph II is disordered, since it has two conformations for l-Nva, with
about 50% occupancy each. The conformation of d-Abu is trans, and the
conformations of l-Nva are gauche+,trans and trans,trans. We believe that
the disorder in l-Nva allows for a relatively compact unit cell, while prevent-
ing close contact interactions. In the crystal structure of form II, a d-Abu
molecule is oriented towards an l-Nva molecule in opposite bilayers, see Figure
7.4. If all l-Nva molecules in form II would adopt the trans,trans conforma-
tion, shown in pink in Figures 7.4 and 7.5, the shortest distance between the
hydrogen atoms of two l-Nva molecules on opposite sides of a bilayer would be
too small (1.7Å). According to Gørbitz et al.,118 the minimum distance be-
tween two hydrogen atoms should be 2.8Å, otherwise the interaction becomes
strongly repulsive. The distance between the hydrogen atoms in two opposite
neighbouring pink conformations is therefore energetically unfavourable. In the
combination of a pink and orange conformation on opposite sides of a bilayer,
or both orange conformations, the distance between the hydrogen atoms of two
l-Nva molecules on opposite sides is large enough, but the shortest distance
between d-Abu and the orange conformation of l-Nva on opposite sides is just
below 2.8Å. Therefore, it is probably energetically most favourable to combine
the pink and and orange conformations at an interface of bilayers, instead of
having only pink or only orange conformations. Consequently, the disorder of
the conformations probably occurs only in-plane, randomly within each bilayer,
while the pink and orange conformations are paired at a bilayer interface, which
explains the 50/50 occupancy.
Overall, the packing of form I results in a smaller distance between consec-
utive bilayers and therefore a higher density compared to form II. The phase
transition of form I to form II involves a change in the conformation of all
molecules and a shift of every other bilayer over approximately [13 ,
1
2 , 0] of the
unit cell of form I and a small increase in the c-direction. Repeated attempts to
measure a potential intermediate structure during the heating transition were
unsuccessful, since many of our crystals delaminated severely and consequently
fell apart during or after the phase transition upon cooling. However, we were
able to observe an increase in the unit cell volume during heating before the
crystal structure changed completely.
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(a) Form I (b) Form II
Figure 7.4: Crystal structures of d-Abu:l-Nva of (a) form I and (b) form II. The
blue molecules represent d-Abu, the orange (and pink) molecules represent l-Nva.
The structures are displayed along the b-axis. Hydrogen bonds within the bilayers
are indicated by red and blue lines.
(a) Form I
(b) Form II
Figure 7.5: Crystal structures of d-Abu:l-Nva (a) form I shown along the a-axis
and (b) form II shown along the c-axis. The blue molecules represent d-Abu, the
orange (and pink) molecules represent l-Nva. Hydrogen bonds within the bilayers
are indicated by blue lines.
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7.3.4 Thermal microscopy
Thermal stage polarisation microscopy was used to observe the d-Abu:l-Nva
phase transition in situ. The images in Figure 7.6 show a single crystal be-
fore, during and after the phase transition, which proceeds via a nucleation-
and-growth mechanism. A video of snapshots of this phase transition is also
available as movie S1 in the supporting information. During the cooling cy-
cle, several transition fronts slowly progress over the crystal. This results in a
change in polarisation colour, as well as a local expansion of the crystal during
the transition to accommodate the structural changes. The transition during
heating is preceded by a gradual change in polarisation colour, signalling some
ﬁrst structural changes, which probably lower the energy barrier for the tran-
sition. The subsequent transition front propagates somewhat faster for the
phase transition during heating than during cooling. This behaviour is consis-
tent with the single crystals DSC, where the transition during cooling is more
spread out and the transition during heating shows a small enthalpy change
preceding a large sharper, faster transition.
(a) Cooling cycle
(b) Heating cycle
Figure 7.6: Thermal stage polarisation microscopy snapshots of a d-Abu:l-Nva
crystal, showing (a) the II → I solid-state phase transition during cooling and (b) the
I → II transition during heating.
The observed transition temperature varies up to 15 K between diﬀerent
single crystals. Higher quality crystals appear to transform more slowly than
lower quality crystals, as judged using optical microscopy. There is also a
variation of ±3 K between diﬀerent cycles of the same crystal. This 15 K range
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is larger than the diﬀerence between the two peaks in the powder DSC. Since
there is such variation in transition temperature between various crystals, and
the ball-milled sample consists of a distribution of various crystallite sizes, we
believe the two peaks reﬂect the variation in transition temperature between
the diﬀerent crystallites.
Especially during the cooling cycle, the crystal loses its transparency and
dark, non-transparent lines appear. These lines mostly disappear again during
the heating cycle, and are therefore considered to be the result of a stress-
release mechanism during the transition. Overall, the crystal remains intact,
but some visible defects prevail after each cycle of the phase transition.
7.4 Conclusion
In summary, a new polymorphic quasiracemate d-Abu:l-Nva has been discov-
ered and its phase transition has been studied using X-ray diﬀraction, DSC
and thermal microscopy. The low temperature form I at 100 K is fully or-
dered, while form II at 150 K shows two conformations for l-Nva with a 50/50
occupancy, which can be understood from the steric hindrance. The phase
transition at 143 K during cooling and 158 K during heating is fully reversible
and involves a signiﬁcant volume change due to a shift of bilayers and confor-
mational changes in all molecules, which inﬂuence the packing of the aliphatic
chains.
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Chapter 8
Quasiracemic co-crystals of long
aliphatic chain linear amino acids
This work uses quasiracemates of aliphatic chain amino acids to study the
inﬂuence of the diﬀerence in chain length between the two enantiomers, on
the crystal structure and solid-state phase transitions of these compounds.
Quasiracemates are co-crystals of related compounds that often have a crystal
structure similar to their pure racemates, which enables the study of the inﬂu-
ence of molecular shape on crystal structures and solid-state behaviour. New
quasiracemates consisting of either aminoheptanoic acid or aminooctanoic acid
combined with shorter linear chain amino acids are presented. Their solid-state
phase behaviour has been characterised using diﬀerential scanning calorimetry,
and some of their crystal structures have been reﬁned using single crystal X-ray
diﬀraction. While quasiracemates with a similar chain length generally have
a crystal structure very similar to the racemates, the quasiracemates with a
signiﬁcant chain length diﬀerence between the two enantiomers show diﬀerent
stacking patterns of the aliphatic chains and hydrogen bonding patterns, to
reduce steric hindrance.
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8.1 Introduction
Quasiracemic compounds are co-crystals consisting of ‘a 1:1 mixture of two
related but distinct compounds of opposite chirality’.130 Since their crystal
structures are often similar to their racemic counterparts, they can be used
to study the inﬂuence of molecular shape on crystal structures and molec-
ular alignment.175–177 In this work, the crystal structures of quasiracemates
of linear aliphatic chain amino acids are compared to their racemic counter-
parts, to study the inﬂuence of the diﬀerence in chain length between the
two enantiomers on the crystal structure and solid-state phase transitions.
Many amino acid quasiracemates have already been found over the past two
decades.130,172,178–182,184 The racemates and quasiracemates of these amino
acids typically crystallise in a bilayer structure with one of two possible hydro-
gen bonding patterns, as was found by Gørbitz et al.77 The ld–ld hydrogen
bonding pattern contains both enantiomers in each separate layer of the bi-
layer (see Figure 8.1a), while the l1–d1 hydrogen bonding pattern consists of
only one enantiomer in one layer and the other enantiomer in the other layer
of the bilayer (see Figure 8.1b). Most of these linear aliphatic chain quasi-
racemates have a chain length diﬀerence of Δn = 1, and those have all been
shown to consist of bilayers interconnected by an ld–ld hydrogen bonding
pattern and a crystal structure similar to the racemates.77 The only quasi-
racemate with Δn = 2 found so far, d-Abu:l-Nle, has the alternative l1–
d1 hydrogen bonding pattern,172 which is very common in branched amino
acid (quasi)racemates to reduce steric hindrance. The linear amino acid race-
mates and quasiracemates known so far are polymorphic and have reversible
single-crystal-to-single-crystal (SCSC) solid-state phase transitions, except for
d-Abu:l-Nle, which has only one known polymorphic form. Typically, two
types of phase transition occur in quasiracemates; either a slide of bilayers in
two consecutive steps, or a disordering of the conformation of the molecules.130
The disordering phase transitions can be gradual (‘continuous’) or discontinu-
ous.
In this work, we compare the polymorphism and crystal structures of
the (quasi)racemates known from literature to several new quasiracemates,
to study the inﬂuence of the diﬀerence in chain length between the two
enantiomers comprising a quasiracemate on the crystal structure and phase
transitions. The new quasiracemates combine the longer linear chain amino
acids 2-aminoheptanoic acid (Hep) and 2-aminooctanoic acid (Oct) with the
shorter amino acids aminobutyric acid (Abu), norvaline (Nva), norleucine
(Nle), and methionine (Met), see Figure 8.2. In addition, the racemate
dl-2-aminooctanoic acid (dl-Oct) is described here, to complete the series of
the linear aliphatic chain racemates described in the previous chapters of this
thesis.
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(a) (b)
Figure 8.1: The two most common hydrogen bonding patterns ld–ld (left) and
l1–d1 (right) within a bilayer of (quasi)racemic amino acids, d molecules are shown
in blue and l molecules are shown in yellow.
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Figure 8.2: The molecular structure of the amino acids studied; (a) 2-aminobutyric
acid, (b) norvaline, (c) norleucine, (d) 2-aminoheptanoic acid, (e) 2-aminooctanoic
acid and (f) methionine.
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8.2 Experimental
8.2.1 Materials and crystallisation
d-2-aminobutyric acid, d-norvaline, d-norleucine, l-2-aminoheptanoic acid, d-
2-aminooctanoic acid, l-2-aminooctanoic acid, and d-methionine were pur-
chased from Sigma Aldrich and used without further puriﬁcation. We prepared
co-crystal samples for d-Abu:l-Hep, d-Nva:l-Hep, d-Nle:l-Hep, d-Met:l-Hep,
d-Oct:l-Hep, d-Abu:l-Oct, d-Nva:l-Oct, d-Nle:l-Oct, and d-Met:l-Oct of the
combinations of the enantiopure amino acids in a 1:1 molar ratio (100mg in
total). Initially, liquid-assisted grinding (LAG) was performed on a Retsch
Mixer Mill MM 400 at 30 Hz as a ﬁrst screening method for the formation of a
co-crystal powder. The samples were ground in a 2.0 mL Eppendorf SafeLock
microcentrifuge tube with a 0.9 mm ball for 25 min using 10 μL ethanol, and
a second time for 25 min after adding another 10 μL ethanol. In order to form
single crystals, the combinations of enantiomers were crystallised in 1:1 molar
ratio by slow evaporation of 1 mL of aqueous solution, with a concentration
below the solubility concentration of the enantiomer with the lowest solubility,
approximately 1mgmL−1.
8.2.2 Diﬀerential scanning calorimetry
Diﬀerential scanning calorimetry (DSC) measurements were performed using
a Mettler Toledo DSC1 calorimeter with a high sensitivity sensor (HSS8), in
combination with LN2 liquid nitrogen cooling, a sample robot and STARe
software 13.00a. Powder samples of the separate enantiomers and the ball-
milled co-crystals of the various combinations were cooled and subsequently
heated in repeated cycles at a rate of 2Kmin−1 in the temperature range of
123 to 473 K. Samples of a few milligrams were sealed in an aluminium pan
(40 μL) and the heat ﬂow was measured compared to an empty reference pan
as a function of temperature. The DSC was calibrated with the melting points
of indium (Ton = 429.5 K and ΔfusH =−28.13 J g−1) and zinc (Ton = 692.85 K
and ΔfusH =−104.77 J g−1), both supplied by Mettler Toledo.
8.2.3 Powder X-ray diﬀraction
Powder X-ray diﬀraction (PXRD) measurements were performed on a Bruker
D8 AXS Advance X-ray Diﬀractometer in θ/2θ mode. The diﬀractometer
was equipped with a Johansson type monochromator with a focussing curved
Ge(111) crystal. Cu Kα1 radiation was used, employing a voltage of 40 kV and
a current of 40mA. The PXRD patterns were collected in the range from 2°
to 50° with a step size of 0.017°, using a VÅNTEC-1 detector. Samples were
measured on a silicon wafer.
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8.2.4 Single crystal X-ray diﬀraction
Single crystal X-ray diﬀraction (SCXRD) measurements of dl-Oct and some
of the quasiracemates were collected on a Bruker D8 Quest diﬀractometer with
a sealed tube (Mo Kα radiation) and a Triumph monochromator (λ = 0.71073
Å). Full data sets of the crystals were measured at various temperatures, and a
heating/cooling rate of 4Kmin−1 was used. The software package SAINT was
used for the intensity integration.144 Absorption correction was performed with
SADABS.145 The structures were determined using the dual space method in
SHELXT.146 Least-squares reﬁnement was performed with SHELXL-2014147
against F 2 of all reﬂections. For the structure reﬁnement, all non-hydrogen
atoms were reﬁned freely with anisotropic displacement parameters. Hydrogen
atom positions were calculated or located in diﬀerence Fourier maps. All hydro-
gen atoms were reﬁned with a riding model. Illustrations of crystal structures
were prepared using Mercury.142
8.2.5 Thermal stage polarisation microscopy
Single crystals were studied under a nitrogen atmosphere in a Linkam LTS420
thermal stage. The thermal stage was coupled to a Zeiss Axioplan 2 Imaging
polarisation microscope to observe the phase transitions in situ. The micro-
scope images were recorded with a MediaCybernetics Evolution VF digital
camera. The temperature range varied between 113 and 433 K, using heating
rates between 1 and 10Kmin−1.
8.2.6 Solid-state nuclear magnetic resonance
Solid-state nuclear magnetic resonance (NMR) spectra of dl-Oct were mea-
sured on a Varian VNMRS 400 MHz spectrometer, operating at a magnetic
ﬁeld of 9.4 T (Larmor frequencies of 399.94 MHz for 1H and 100.57 MHz for
13C). 13C NMR spectra were measured with a Chemagnetics 3.2 mm APEX
probe using 1H→13C cross polarisation (CP), magic angle spinning (MAS) and
SPINAL decoupling148 for temperatures between 298 and 473 K. The powder
spectra of dl-Oct mixed with KBr were recorded at an MAS frequency of
10 kHz with radio frequency (RF) ﬁeld strengths of 50 kHz for 1H and 60 kHz
for 13C during cross polarisation and 80 kHz for 1H SPINAL decoupling with
a pulse length of 7 μs and a phase of 4 degrees. KBr was used to adjust the
magic angle setting at each temperature on the spinning side bands of 79Br.
Adamantane was used as reference sample for the chemical shift; the 13C peak
with the highest chemical shift value corresponds to the CH2 of adamantane at
38.48 ppm. The spectra were processed using the matNMR processing package
that runs under Matlab.131
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8.3 Results and discussion
8.3.1 Racemates: DL-aminooctanoic acid
In order to complete the series of the linear amino acid racemates presented in
the previous chapters of this thesis, the polymorphism of dl-Oct was studied.
The racemate dl-Oct has a reversible solid-state phase transition at 436 K
with a transition enthalpy of 6.2 kJmol−1 as was determined from DSC mea-
surements, and therefore has at least two enantiotropically related polymorphic
forms. We determined the crystal structure of the low temperature polymor-
phic form I of dl-Oct at 208 K; it has the ld–ld hydrogen bonding pattern
and bilayer structure typical for the racemic linear amino acids. The crystal
structure reﬁnement data is given in Table 8.1. Unfortunately, we were not
able to obtain data of suﬃcient quality above 436 K to determine a full crystal
structure of form II. However, since all enantiotropically related polymorphic
forms of linear amino acid racemates found so far have the same ld–ld hy-
drogen bonding pattern, it seems likely that the high temperature form II of
dl-Oct would also have this pattern. Moreover, the barrier of the phase tran-
sition should increase dramatically if the hydrogen bonding pattern changes
during the phase transition, which is not the case, since the hysteresis in DSC
measurements is only 1-2 K.
Table 8.1: Crystal structure reﬁnement data of dl-Oct form I.
Compound dl-Oct
Polymorph Form I
Crystal Data
Chemical formula C8H17NO2
Crystal system monoclinic
Space group P21/c
Temperature (K) 208
a (Å) 19.928 (4)
b (Å) 4.736 (2)
c (Å) 9.831 (2)
β (°) 96.81 (3)
V (Å3) 921.3 (5)
V per molecule (Å3) 230.3
Z / Z′ 4 / 1
Radiation type Mo Kα
μ (mm−1) 0.08
Crystal size (mm) 0.26×0.16×0.16
Data collection
Reﬂections collected 49391
Independent reﬂections 2111
Rint 0.063
Reﬁnement
R[F 2 > 2σ(F 2)] 0.051
wR(F 2), S 0.144, 1.02
We performed solid-state NMR measurements of dl-Oct as a function of
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the temperature to obtain more information about the phase transition, which
showed a single set of peaks for each polymorphic form with a chemical shift
change of about 1 ppm between the two forms at 443 K for all carbon atoms
except C2, see Figure 8.3. Between 398 and 423 K, two peaks around 33 ppm
coincidentally coalesce to one broadened peak, due to diﬀerent temperature
dependencies of the chemical shifts. If we compare these results with the NMR
results of other amino acid racemates, the chemical shift diﬀerence due to the
phase transition is similar to that of the α ↔ γ phase transition of dl-Nle,
which involves a change in the ﬁrst torsion angle of the molecule, counted from
the NH +3 .139 This shows that probably a change occurs in the ﬁrst, second or
third torsion angle of dl-Oct, which would aﬀect all those atoms signiﬁcantly.
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Figure 8.3: 13C CPMAS NMR spectrum of a powdered sample of dl-Oct during
heating, showing the I→II phase transition around 443 K.
8.3.2 Quasiracemates
As mentioned in the introduction, several new quasiracemates were prepared.
In total nine diﬀerent combinations characterised; d-Abu:l-Hep, d-Nva:l-Hep,
d-Nle:l-Hep, d-Met:l-Hep, d-Oct:l-Hep, d-Abu:l-Oct, d-Nva:l-Oct, d-Nle:l-
Oct, and d-Met:l-Oct. The new quasiracemates were obtained using liquid-
assisted grinding (LAG) from an equimolar mixture of the two enantiomers.
Subsequently, PXRD patterns were measured for all combinations and these
were compared to the pure enantiomers, see Figure 8.4 as an example and Sup-
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porting Information. The PXRD patterns after LAG were signiﬁcantly diﬀerent
from the pure enantiomers in all cases, conﬁrming new crystal structures and
most likely the formation of co-crystals. Additionally, the crystal structures
were determined using SCXRD for some of these quasiracemates, which is de-
scribed further on. For the quasiracemates of which the crystal structure of the
room temperature form is reﬁned in this work, the theoretical co-crystal PXRD
patterns were calculated using Mercury142 and are also shown for comparison.
10 20 30 40 50
2θ (°)
L−Hep
D−Nva
L−Hep:D−Nva theoretical
L−Hep:D−Nva cocrystal
Figure 8.4: PXRD patterns of the new co-crystal d-Nva:l-Hep with its pure enan-
tiomers for comparison. For theoretical pattern was calculated from the room tem-
perature crystal structure.
The quasiracemate samples were subsequently heated and cooled in the
DSC to screen for solid-state phase transitions, see Figures 8.5, 8.6 and 8.7;
the lines at the bottom of each graph are during heating and the lines at
the top are during cooling. The DSC thermograms are normalised per mol
molecules; please notice that the scale is diﬀerent for each graph. For all
new quasiracemates, endothermic enthalpy peaks appeared upon heating and
exothermic peaks upon cooling, consistent with reversible phase transitions
between enantiotropically related polymorphic forms.
The number of enantiotropically related polymorphic forms was esti-
mated for each co-crystal from the DSC measurements. In Table 8.2 the
number of enantiotropically related polymorphic forms of the racemates and
quasiracemates with a linear aliphatic chain are summarised. For the new
(quasi)racemates with Hep or Oct described in this chapter the rows and
columns are indicated in boldface. The colour of the number indicates the chain
length diﬀerence (Δn) between the two enantiomers of the (quasi)racemates;
black is Δn = 0, green is Δn = 1, orange is Δn = 2, and blue is Δn ≥ 3. Met
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Figure 8.5: DSC thermograms of new co-crystals with l-Hep and their pure enan-
tiomers for comparison, showing the reversible phase transitions of (a) d-Abu:l-Hep,
(b) d-Nva:l-Hep, (c) d-Nle:l-Hep, and (d) d-Met:l-Hep.
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Figure 8.6: DSC thermograms of new co-crystals with l-Oct and their pure enan-
tiomers for comparison, showing the reversible phase transitions of (a) d-Abu:l-Oct,
(b) d-Nva:l-Oct, (c) d-Nle:l-Oct, and (d) d-Met:l-Oct.
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Figure 8.7: DSC thermogram of the new co-crystal d-Oct:l-Hep and its pure enan-
tiomers for comparison, showing the reversible phase transitions.
is assumed to be of the same chain length as Nle, i.e. a chain length of six,
since the racemates dl-Met and dl-Nle are almost isostructural.
Table 8.2: Overview of the number of enantiotropically related polymorphic forms of lin-
ear aliphatic amino acid (quasi)racemates. For the new (quasi)racemates with Hep or Oct
described in this chapter the the rows and columns are indicated in boldface. The colour of
the number indicates the chain length diﬀerence (Δn) between the two enantiomers of the
(quasi)racemates; black is Δn = 0, green is Δn = 1, orange is Δn = 2, and blue is Δn ≥ 3.
l-Abu l-Nva l-Nle L-Hep L-Oct l-Met
d-Abu 3 2 1 2 3 2
d-Nva 2 3 3 2 2 3
d-Nle 1 3 3 3 2 4
D-Hep 2 2 3 5 2 3
D-Oct 3 2 2 2 2 3
d-Met 2 3 4 3 3 2
After this ﬁrst screening, attempts were made to grow single crystals of suf-
ﬁcient quality for crystal structure determination. However, this is especially
challenging when Δn is larger than one, since the aqueous solubility diﬀerence
between the two compounds comprising a quasiracemates becomes very large,
and the solubility in other solvents is extremely low. Single crystals were grown
by evaporation of an equimolar aqueous solution, and for some quasiracemates
crystal structures could be determined. The following quasiracemates have
been established using SCXRD to consist of an ld–ld hydrogen bonding pat-
tern for at least one of the polymorphic forms; d-Nle:l-Hep with Δn = 1,
d-Nva:l-Hep and d-Nle:l-Oct with Δn = 2. Full crystal structure determina-
tions have been performed for polymorphs I and II of d-Nle:l-Hep at 150 and
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200 K, respectively, polymorph III of d-Nva:l-Hep at 293 K, and polymorph I
of d-Nle:l-Oct at 293 K. The crystal structure reﬁnement details are given in
Table 8.3.
Table 8.3: Crystal structure reﬁnement data for some of the new polymorphic forms in this
work.
Compound d-Nle:l-Hep d-Nle:l-Hep d-Nva:l-Hep d-Nle:l-Oct
Polymorph Form I Form II Form III Form I
Δn 1 1 2 2
Crystal Data
Chemical formula C7H15NO2· C7H15NO2· C7H15NO2· C8H17NO2·
C6H13NO2 C6H13NO2 C5H11NO2 C6H13NO2
Crystal system monoclinic monoclinic monoclinic orthorhombic
Space group P21 C2 C2 P212121
Temperature (K) 150 200 293 293
a (Å) 9.8840 (5) 35.082 (4) 33.518 (7) 4.732 (2)
b (Å) 4.7344 (2) 4.7268 (5) 4.771 (2) 9.911 (2)
c (Å) 17.3994 (9) 9.8981 (10) 9.851 (2) 36.450 (7)
β (°) 106.3506 (18) 101.386 (4) 94.04 (3) 90
V (Å3) 781.27 (7) 1609.1 (3) 1571.5 (8) 1709.6 (9)
V /molecule (Å3) 195.3 201.1 196.4 213.7
Z / Z′ 2 / 1 4 / 1 4 / 1 4 / 1
Radiation type Mo Kα Mo Kα Mo Kα Mo Kα
μ (mm−1) 0.09 0.08 0.08 0.08
Crystal size (mm) 0.5×0.3×0.2 0.7×0.4×0.1 0.7×0.4×0.02 0.2×0.1×0.05
Data collection
Reﬂ. collected 28610 23953 1789 42923
Independent reﬂ. 6250 4935 462 4630
Rint 0.028 0.039 0.032 0.043
Reﬁnement
R[F 2 > 2σ(F 2)] 0.036 0.044 0.155 0.051
wR(F 2), S 0.104, 1.03 0.133, 1.05 0.427, 3.96 0.137, 1.21
For quasiracemates with a diﬀerence in length of the two enantiomers of
Δn = 0 or Δn = 1, the crystal structures follow the same ld–ld hydrogen
bonding pattern and aliphatic chain stacking pattern as the racemates. This
is also the case for the new quasiracemate d-Nle:l-Hep in forms I and II. The
aliphatic chains are tilted with respect to the hydrogen bonding pattern for
optimal stacking and each bilayer is oriented in parallel. All quasiracemates
with Δn = 0 and Δn = 1 found so far display reversible solid-state phase
transitions in DSC measurements. The small diﬀerence in chain length results
in a structure that is not intertwined and allows for displacement of bilayers
and conformational changes.
In contrast, for quasiracemates with Δn = 2, both the hydrogen bonding
pattern and the chain stacking pattern show variation. The crystal structures
of the room temperature forms of d-Abu:l-Nle, d-Nva:l-Hep (form II), and
d-Nle:l-Oct (form I) are shown in Figure 8.8 for comparison. For the com-
bination d-Abu:l-Nle, which is the only linear (quasi)racemate without any
phase transitions found so far, the hydrogen bonding pattern becomes l1–d1
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and the conformation of l-Nle is disordered over two positions. This probably
occurs to avoid high energy conformations for l-Nle or large voids in the crys-
tal structure close to d-Abu. However, the other combinations with Δn = 2,
d-Nva:l-Hep and d-Nle:l-Oct, both have an ld–ld hydrogen bonding pattern.
These structures have longer chain lengths and therefore more freedom for the
conformations of the molecules for optimal stacking with low energy. Although
the R-factor is high for the crystal structure of the quasiracemate d-Nva:l-Hep
(space group C2), it clearly has parallel hydrogen bonding in each bilayer and
parallel aliphatic chain stacking. Alternatively, in d-Nle:l-Oct (space group
P212121) every other bilayer is oriented antiparallel, and the bilayers are sym-
metry related by a screw axis, which results in a ‘herringbone’ chain stacking
pattern, compare Figures 8.8b and 8.8c. All racemates described in this work
have a parallel ld–ld hydrogen bonding pattern and parallel chain stacking.
However, the alternative structure in d-Nle:l-Oct with antiparallel ld–ld hy-
drogen bonding and herringbone chain stacking is also observed in some crystal
structures of branched quasiracemates and quasiracemates with phenylalanine
(Phe).180,181
The quasiracemates with Δn ≥ 3 also show reversible phase transitions
in DSC measurements, which is quite surprising since this diﬀerence in chain
length is signiﬁcant. The most likely crystal structures for these quasiracemates
involve either the l1–d1 hydrogen bonding or the antiparallel ld–ld hydrogen
bonding with herringbone chain stacking, to cope with the diﬀerence in chain
length. Unfortunately, the crystals obtained were not of suﬃcient quality for
structure determination.
Solid-state phase transitions are expected to be more diﬃcult for ld–ld pat-
tern quasiracemates with a signiﬁcant chain length diﬀerence between the enan-
tiomers, since the aliphatic chain stacking pattern is more intertwined. This
intertwining can restrict the motions of bilayers and conformational changes of
molecules, which are typical for the phase transitions in these quasiracemates.
However, the antiparallel hydrogen bonding pattern and herringbone stacking
of the aliphatic chains, in combination with a tilt in the aliphatic chain with
respect to the bilayer interface reduces the intertwining, as is observed in d-
Nle:l-Oct. This probably allows for phase transitions similar to those observed
in other quasiracemates. The only l1–d1 quasiracemate described in this work,
d-Abu:l-Nle, did not show any signal indicating the presence of a solid-state
phase transition in the DSC measurements. Nevertheless, also with this hy-
drogen bonding pattern phase transitions can be imagined to occur. If such a
structure would have only a displacement in the bilayers, the structure before
and after would be identical. However, if the phase transition would involve
conformational changes, this should be observed in DSC measurements.
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(a)
(b)
(c)
Figure 8.8: Crystal structures of linear quasiracemates with a chain length diﬀerence
between the enantiomers of two, (a) d-Abu:l-Nle with an l1–d1 hydrogen bonding
pattern, parallel chain stacking, and disorder in the conformation of l-Nle, (b) d-
Nva:l-Hep with parallel ld–ld hydrogen bonding and parallel chain stacking, and
(c) d-Nle:l-Oct with antiparallel ld–ld hydrogen bonding and herringbone chain
stacking.
150
519853-L-bw-Smets
Processed on: 27-6-2018 PDF page: 159
8.4 Conclusion
Several new quasiracemates with longer aliphatic chains – Hep and/or Oct –
and a larger diﬀerence in the mutual chain length of the enantiomers than
the known quasiracemates have been crystallised and screened for solid-state
phase transitions. Additionally, the crystal structure of the low temperature
polymorph of the racemate dl-Oct was determined. All new quasiracemates
showed at least one solid-state phase transition in DSC measurements. While
the crystal structures of linear quasiracemates with similar chain lengths of
the enantiomers are very similar to the racemates, the quasiracemates show
variation both in the stacking pattern of the aliphatic chains and in the hydro-
gen bonding pattern when the mutual chain length diﬀerence is too large for
parallel ld–ld hydrogen bonding, reducing steric hindrance.
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Figure 8.9: PXRD patterns of the new co-crystals with l-Hep and their pure enan-
tiomers for comparison; (a) d-Abu:l-Hep, (b) d-Nva:l-Hep, (c) d-Nle:l-Hep, and
(d) d-Met:l-Hep. For l-Hep:d-Nva and l-Hep:d-Nle the theoretical patterns were
calculated from the crystal structure.
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Figure 8.10: PXRD patterns of the new co-crystals with l-Oct and their pure
enantiomers for comparison; (a) d-Abu:l-Oct, (b) d-Nva:l-Oct, (c) d-Nle:l-Oct, and
(d) d-Met:l-Oct. For l-Oct:d-Nle the theoretical pattern was calculated from the
crystal structure.
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Figure 8.11: PXRD pattern of the new co-crystal d-Oct:l-Hep and its pure enan-
tiomers for comparison.
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Chapter 9
Inhibition of the vapour-mediated
phase transition of the high
temperature form of pyrazinamide
Tailor-made additives can prove an eﬀective method to prolong the lifetime
of metastable forms of pharmaceutical compounds by surface stabilisation.
Pyrazinamide (PZA) is a pharmaceutical compound with four polymorphic
forms. The high temperature γ form, which can be produced by spray drying
or sublimation growth, is metastable at room temperature and transforms
within days when produced by spray drying, and within several months up
to years for single crystals produced by sublimation. However, when PZA
is co-spray dried with 1,3-dimethylurea (DMU), it has been reported to
remain in its γ form for several years. Scanning electron microscopy images
reveal that the phase transition from γ-PZA to the low temperature forms
involves a vapour-mediated recrystallisation, while the reverse phase transition
upon heating is a nucleation-and-growth solid-solid phase transition. The
lifetime-extending eﬀect of DMU on spray-dried PZA has been investigated
in more detail and compared with high-energy ball milling of sublimation-
grown γ-PZA crystals. Co-ball milling of PZA and DMU is found to extend
the lifetime of the high temperature form of PZA to a few months, while
separate ball milling leads to an extension of merely a few weeks. DMU
acts as an additive that most likely stabilises the surface of γ-PZA, which
would reduce the vapour pressure of PZA, thereby reducing the transition rate.
Alternatively, DMU could prevent nucleation of low temperature forms of PZA.
This chapter has been published as:
M.M.H. Smets, G. Baaklini, A. Tijink, L. Sweers, C. Vossen, C. Brandel,
H. Meekes, H.M. Cuppen, G. Coquerel, “Inhibition of the vapour-mediated
phase transition of the high temperature form of pyrazinamide”, Cryst.
Growth Des. 18, 1109-1116 (2017), dx.doi.org/10.1021/acs.cgd.7b01550.
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9.1 Introduction
Polymorphism is a common phenomenon in molecular crystals.1 In the pharma-
ceutical industry, the control of the polymorphic form is a very important issue,
since diﬀerent polymorphic forms can have distinct physico-chemical proper-
ties such as solubility, dissolution rate and morphology.4,15,185 Generally, the
stable polymorph is preferred for production of active pharmaceutical ingredi-
ents (APIs) to ensure reproducible bioavailability, also after prolonged storage
under various conditions. However, the stable form is usually less soluble than
a metastable form, and in some cases the solubility or dissolution rate is so
low that the therapeutic dose cannot be achieved.42,186,187 Moreover, the mor-
phology and other physico-chemical properties of a polymorphic form can be
disadvantageous for the manufacturing process, e.g. needle-shaped crystals can
clog ﬁlters. Therefore, it is sometimes preferred to use a metastable form or
even an amorphous form for the production of an API, but the risk of poly-
morphic transitions for the former and crystallisation for the latter must then
be carefully mitigated.
Tailor-made additives can be used for polymorph selection, by inhibiting the
nucleation or crystal growth of speciﬁc polymorphic forms, allowing other forms
to crystallise.15–18,27,188–190 However, the challenge is to ensure a prolonged life-
time of metastable forms to prevent undesired solid-state phase transitions.42
The lifetime is determined by the kinetic barrier between the metastable form
and other more stable forms of the API. Solid-state phase transitions usually
start at speciﬁc defects, often on the surface of a crystallite.191 Therefore, sur-
face stabilisation by tailor-made additives might prove an eﬀective method to
increase the lifetime of a metastable polymorph. Very promising eﬀects in this
direction have been observed for the pharmaceutical compound pyrazinamide
(PZA), where the high temperature form can be prevented from transforming
at room temperature by the addition of 1,3-dimethylurea (DMU), as was found
in a study on the eﬀect of additives or excipients on the formation of polymor-
phic forms of PZA.192 The molecular structures of both compounds are shown
in Figure 9.1.
(a) Pyrazinamide (b) 1,3-Dimethylurea
Figure 9.1: Molecular structure of (a) pyrazinamide and (b) 1,3-dimethylurea.
Pyrazinamide (C5H5N3O, pyrazinecarboxamide, PZA) is an antibiotic
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against tuberculosis and has four known anhydrous polymorphic forms.193
The unit cell parameters determined at temperatures of 90-100 K are shown
in Table 9.1. The δ form is the stable form below 298 K, according to studies
in solution,194 the α form between 298 and 418 K, the γ form above 418 K,
and the β form is probably a metastable form at all temperatures.193 PZA
is commercialised in the α form, but the γ form has a higher solubility and
dissolution rate in water. According to Castro et al., the solid-state δ → α
phase transition is observed at 395 K.193 The four polymorphic forms can
be crystallised from diﬀerent solvents, or at diﬀerent temperatures, but the
α, β and δ forms can also be formed concomitantly195 at room temperature.
The high temperature γ form can be obtained by spray drying or sublimation
growth. In the energy-temperature phase diagram (Figure 9.2) the stability
relation between the polymorphic forms and the liquid phase are shown
schematically. However, the thermodynamic transition temperatures are
not exactly known. The melting point of PZA is 461 K according to DSC
measurements.193
Table 9.1: Spacegroup and unit cell parameters for the four polymorphic forms of pyrazi-
namide.194,196–198
Polymorph Form δ Form α Form β Form γ
Refcode CSD PYRZIN16 PYRZIN22 PYRZIN23 PYRZIN19
Space group P-1 P21/n P21/c Pc
Temperature (K) 100 100 90 100
a (Å) 5.119 3.617 14.340 7.176
b (Å) 5.705 6.741 3.621 3.651
c (Å) 9.857 22.463 10.613 10.663
α (◦) 97.46
β (◦) 98.17 92.39 101.04 106.34
γ (◦) 106.47
V (Å3) 268.8 547.3 540.9 268.1
V/molecule (Å3) 134.4 136.8 135.2 134.0
Z / Z’ 2 / 1 4 / 1 4 / 1 2 / 1
R-factor (%) 3.72 1.6 1.53 3.92
The α, β, and δ polymorphic forms all consist of head-to-head dimers, al-
though the stacking of the dimers is diﬀerent in each polymorphic form.193
The typical morphologies of the four polymorphic forms grown from solution
or sublimation are shown in Ref. 193. In contrast, the γ form is the only non-
centrosymmetric variety and consists of head-to-tail chains, but it has a spatial
arrangement similar to the β form. Therefore, the transformation from the γ
form to the other polymorphic forms and vice versa will entail a large reorgan-
isation of the molecules. The crystal habits of the polymorphic forms can be
used to distinguish them using microscopy. The α form typically crystallises
in elongated blocks with a high aspect ratio or needles, the β and γ forms in
elongated blocks, and the δ form in plates.
DMU (Figure 9.1b) has two known polymorphic forms, which are enan-
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Figure 9.2: Schematic energy-temperature diagram of pyrazinamide, showing the
stability relations between the four polymorphic forms and the liquid phase, based
on the transition temperatures in Ref. 193.
tiotropically related; form I is stable at high temperatures and form II at low
temperatures.199 The thermodynamic transition temperature lies around 298 K
in the presence of water, even though it is observed in the DSC at 324 K, and
at low relative humidity (RH) it increases to 331 K.200 DMU is commercialised
in form I. Form II of DMU transforms to form I at room temperature, but form
II was not produced during these experiments. Furthermore, DMU is strongly
hygroscopic and it has a deliquescence point of 63.5% RH at 291 K.201
As mentioned earlier, the inﬂuence of the addition of excipients on the
phase transformation behaviour of pyrazinamide has been studied by Baaklini
et al.192 This study revealed that co-spray drying of PZA and 1,3-dimethylurea
(DMU) results in a mixture of the γ form of PZA and form I of DMU, and this
combination extends the lifetime of the high temperature form of PZA. Even
after three years, the γ form of PZA remains unchanged when it is spray dried
with DMU, while it transforms within one week without DMU. The minimal
amount of DMU required in the starting mixture to increase the lifetime of γ-
PZA is about 5 mass%, as was determined by Baaklini et al.192 PXRD showed
no sign of the formation of a co-crystal, whereas the binary phase diagram
and Tammann plot of γ-PZA and DMU-I revealed no indication of a partial
solid solution202,203 at the extremes of the phase diagram.200 The binary phase
diagram and Tammann plot of γ-PZA with DMU-I are also included as Sup-
porting Information for this work. Moreover, there was no shift in the PXRD
patterns at high θ values, which also reduces the possibility of a solid solu-
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tion.200 Furthermore, Raman mapping showed a homogeneous distribution of
particles of about 10 μm in size.192
The aim of this work is to understand the nature of the phase transition
mechanism of γ-PZA to the low temperature forms. The inﬂuence of DMU on
the kinetics of this process is investigated for varying conditions of relative hu-
midity and crystallinity. Spray drying and milling, which are typical techniques
used for the production of pharmaceuticals,185 are used to generate crystallites
of PZA that are small enough to transform on a reasonable time-scale, so that
the phase transition process can be monitored.
9.2 Experimental
9.2.1 Materials
Pyrazinamide (≥97.5%) was purchased from Acros Organics and Sigma-Aldrich
and 1,3-dimethylurea (DMU) (≥95%) was purchased from Alfa Aesar, and used
without further puriﬁcation. DMU was stored under low relative humidity
conditions, to avoid water uptake. Single crystals of the room temperature
forms of PZA were grown by solvent evaporation. The δ form (block-shape)
was grown from a 7mgmL−1 PZA in acetone solution at 277 K, and the α form
(needle-shape) was grown from a 11mgmL−1 PZA aqueous solution at 277 K,
or a 13mgmL−1 PZA aqueous solution at 293 K. The polymorphic form was
checked using PXRD.
9.2.2 Spray drying
Spray drying experiments were performed using a Büchi B-290 laboratory-
scale mini spray dryer, with a 0.7 mm diameter nozzle, operating in co-current
mode. Several batches of PZA were spray dried using diﬀerent amounts of
solvent. Typically, a total mass of 1 g, consisting of only PZA or PZA and
DMU in various compositions, was dissolved in a 50/50 v% mixture of H2O
and acetone, with a total volume of 160 mL. The co-spray-dried samples are
indicated by their composition in mass; PZA-DMU 50-50, PZA-DMU 70-30
and PZA-DMU 90-10, with a 50, 30 and 10 mass% DMU content, respectively.
Several samples of each composition were produced. DMU was also spray dried
separately from a 50/50 v% mixture of H2O and acetone with a total volume
of 40 mL. All samples were spray dried at 373 K inlet temperature, with the
N2 ﬂow meter set at 40 mm, the aspirator at 100 % and the pump at 20 %.
Directly after spray drying, the polymorphic composition of each sample was
analysed using powder X-ray diﬀraction (PXRD).
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9.2.3 Lifetime and storage
The polymorphic content of several physical mixtures of (co-)spray-dried PZA
with and without DMU were monitored over time using PXRD. The co-spray-
dried samples had a 50-50 mass ratio of PZA:DMU. These samples were stored
in desiccators at diﬀerent controlled relative humidities (RH). The following salt
solutions were used at 293 K to obtain a speciﬁc constant RH; P2O5 (0.5% RH)
under vacuum conditions, NaCl (75.5% RH) and K2SO4 (97.6% RH). Some
samples were stored under ambient RH conditions, but at various temperatures
ranging from 277 to 323 K.
9.2.4 Sublimation growth
Sublimation growth of γ-PZA was carried out in a home-built cylindrical cham-
ber at atmospheric pressure. The temperature of the heating chamber was
443 K, while the cold ﬁnger on which single crystals were formed was at 423 K.
The temperatures were controlled using a Digital Controller RKC instrument
HA900, connected to two Rössler Type K thermocouples probing the temper-
ature in the heating chamber and cold ﬁnger, respectively. Two Delta Elek-
tronika SM 7020-D power supplies were used to amplify the signal from the
temperature controller for the heating elements. Typically, 25 mg of α-PZA
powder was sublimed and single crystals were grown in about 2.5 hours.
9.2.5 Ball milling
Ball milling experiments were conducted on a Retsch Mixer Mill 400, operat-
ing at 30 Hz for 5 times 2 min. Typically, samples consisted of about 40 mg
of γ-PZA single crystals obtained by sublimation growth, with (four samples)
or without (four samples) 5 mg of DMU (∼10 mass-%) in a 2.0 mL Eppen-
dorf round-bottom tube. In between the ﬁve consecutive ball milling runs,
each sample was taken out of the apparatus and shaken manually, to ensure
homogeneous mixing. Four samples were prepared by separate ball milling of
PZA and DMU, and subsequent mixing in a 90-10 mass ratio, equal to the
co-ball-milled samples.
9.2.6 Powder X-ray diﬀraction
Powder X-ray diﬀraction (PXRD) measurements were performed on a Bruker
D8 AXS Advance X-ray Diﬀractometer using Cu Kα radiation. The diﬀraction
patterns were collected in the angular range 3-30◦ by steps of 0.04◦ and with a
counting time of 0.3 s per step for spray-dried samples, and steps of 0.17◦ with a
counting time of 1 s per step for ball-milled samples. The characteristic powder
diﬀraction peaks are expressed in ◦2θ.
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9.2.7 Thermal stage polarisation microscopy
PZA single crystals were studied under a nitrogen atmosphere in a Linkam
LTS420 thermal stage. The thermal stage was coupled to a Nikon Eclipse
LV100 polarisation microscope and the microscope images were recorded with
a digital camera. The temperature range varied from 293 to 443 K, using
heating rates between 5 and 20Kmin−1.
9.2.8 Scanning electron microscopy
Scanning electron microscopy (SEM) images of spray-dried PZA samples were
obtained with a JEOL JCM-5000 NeoScope instrument (secondary scattering
electron) at an accelerated voltage of 10 kV. Powder samples were ﬁxated on a
SEM stub with carbon adhesive discs and coated with gold using a NeoCoater
MP-19020NCTR sputter coater. SEM images of ball-milled PZA samples were
obtained with a Phenom 800-03103-02 instrument and the samples were coated
with gold using a Cressington 108 auto Sputter Coater.
9.3 Results and discussion
9.3.1 Mechanism of phase transition
In order to understand the mechanism of the phase transition from the high
temperature form γ-PZA to the low temperature forms, we ﬁrst studied the
phase transition in the reverse direction during heating. Single crystals of
δ-PZA and α-PZA were grown from diﬀerent solvents, acetone and water re-
spectively, and have been monitored as a function of temperature using ther-
mal stage polarisation microscopy at various heating rates. Heating with
10Kmin−1 (Figure 9.3) shows that the δ → γ phase transition at 407 K fol-
lows a defect-mediated nucleation-and-growth mechanism, since the nucleation
of the new phase occurs at visible defect sites. Moreover, the new phase spreads
quite uniformly in all directions, thereby showing no orientational relationship
between the two polymorphic forms. Furthermore, the spread is relatively
slow, indicating that the energy barrier for propagation is relatively high for
this transition, and the crystal completely loses its polarisation colour in this
plane, due to deterioration of the crystal quality. During the ﬁnal stage of the
transition, around 423 K, the crystal starts to evaporate due to the high vapour
pressure at this temperature. The same holds for the α → γ phase transition,
only the observed transition temperature is higher.
The observed transition temperature increases with increasing heating rate,
indicating kinetic hindrance of the solid-state phase transition, as was also
observed by Castro et al.193 These thermal measurements show that the δ → γ
and α → γ transitions are reconstructive, which implies that the reverse γ →
δ/α transitions are probably reconstructive as well. This is not surprising, since
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the phase transition towards or from the γ form requires a large reorganisation
of the molecules, due to the absence of head-to-head dimers in the γ form.
Figure 9.3: Thermal microscopy snapshots of the δ → γ phase transition of PZA
during heating at 10Kmin−1. The red arrows indicate defect sites where the phase
transition starts.
The morphology and phase transition mechanism of spray-dried samples of
PZA was studied using scanning electron microscopy (SEM), as is shown in
Figure 9.4. Directly after spray drying, a γ-PZA powder sample (Figure 9.4a)
consists of small elongated block-shaped crystallites with a length of <10 μm.
After storage for 5 days at ambient conditions, the powder had partially trans-
formed to the α form, as was determined using PXRD. The SEM image (Figure
9.4b) shows a mixture of a few large faceted elongated blocks of 20-50 μm in
length and clusters of small crystallites of <10 μm. Other spray-dried PZA pow-
ders, that were stored for longer periods and measured after storage, showed
various morphologies ranging from elongated blocks of 100 μm in length for
α-PZA (Figure 9.4c) to thin plates of about 20 μm in size for δ-PZA (Figure
9.4d).
It appears from these images that in general the ﬁnal crystal phase has larger
crystals than the spray-dried γ-PZA. This is remarkable, since in most solid-
state phase transitions the mother crystal breaks down into smaller daugh-
ter crystals or remains more or less intact.9 If the daughter crystals are in-
deed larger, this is probably the result of a recrystallisation process via the
vapour phase.204 Pyrazinamide has a relatively high vapour pressure at el-
evated temperatures and can therefore be recrystallised to the high tempera-
ture γ polymorph by sublimation growth.205 Apparently, the vapour pressure of
PZA is also suﬃciently high at room temperature for a vapour-mediated phase
transition mechanism. Most vapour-mediated phase transitions described in
literature entail transformations from an anhydrate to a hydrate or solvate
form through the aid of solvent vapour.206–208 In case the solvent vapour does
not cause but merely catalyses the transformation, the term solvent-catalysed
transformation is used. This involves a direct solid-solid transformation ac-
celerated by the catalytic eﬀect of solvent in the liquid or vapour state.42 To
the best of our knowledge few studies have been done on vapour-mediated
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(a) (b)
(c) (d)
Figure 9.4: SEM images of a spray-dried PZA sample (a) directly after spray drying
(γ form), (b) after 5 days of storage under ambient conditions (γ and α forms); other
spray-dried PZA samples stored for (c) 23 days (α form), and (d) 49 days (δ form).
Note the larger magniﬁcation in (a).
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phase transitions in which the compound itself evaporates and recrystallises to
another polymorphic form within a reasonable time span.204
9.3.2 Eﬀect of relative humidity
As mentioned before, the phase transition kinetics of γ-PZA to the other low
temperature polymorphs is delayed by the addition of DMU. A possible mech-
anism of stabilisation is the attraction of water by DMU, if water plays a role
in the phase transition of γ-PZA. Since DMU shows deliquescence (complete
dissolution in the water it attracts) above 63.5% RH, the eﬀect of DMU is
expected to be inﬂuenced by the relative humidity, due to the strong aﬃnity
between DMU and water. Therefore, we investigated the inﬂuence of relative
humidity on the stability of spray-dried pure γ-PZA and γ-PZA with DMU-I
in further detail.
γ-PZA
The transition rate of γ-PZA to the other low temperature polymorphs was
monitored as a function of relative humidity (RH) and temperature using ex
situ PXRD. First, the lifetime of γ-PZA – without DMU – after spray drying
was measured using PXRD after storage at various RH values. Figure 9.5
shows that directly after spray drying, PZA crystallises only in the γ form.
After storage for 7 days at a speciﬁc RH ranging from 0.5 to 97.6%, PZA
partially transforms to the δ form. The transformation rate to the δ form
increases with higher RH, as can be clearly observed from the diﬀerence in
intensity of the typical δ-PZA peak at 27.8◦. In general, the obtained PZA
polymorphic form after transition of the various samples investigated varies and
is not clearly related to the RH; the δ, β and α forms have all been observed
and often in a mixture. Since pure PZA showed no signiﬁcant mass gain as a
function of RH in dynamic vapour sorption (DVS) experiments, it is unlikely
that the phase transition mechanism is solvent-mediated, which would involve
deliquescence and subsequent recrystallisation of another polymorphic form.
However, the polymorphic transformation rate could be slightly enhanced by
water vapour through a solvent vapour-catalysed transformation, which entails
that a monolayer of water molecules from the vapour is adsorbed and increases
the mobility at the surface. In conclusion, even at the lowest RH values the
phase transition to a low temperature form starts already within a week.
γ-PZA and DMU-I
In order to further study the eﬀect of DMU on the lifetime of γ-PZA, PZA was
also co-spray dried with DMU in a 50:50 mass-ratio (PZA-DMU 50-50) and
stored under various RH conditions. The lifetime-extending eﬀect of DMU is
expected to disappear above its deliquescence point. As is shown in Figure 9.6,
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Figure 9.5: PXRD patterns of PZA after spray drying (day 0) and after storage for
7 days at various relative humidities. After storage, γ-PZA transforms to the δ form
in this case.
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PZA crystallises in the γ form and DMU in form I during spray drying. After
storage under high relative humidity conditions (>75%) for 5-7 days, γ-PZA
indeed partially transforms to the α form. Again, as was observed for pure
γ-PZA, the transformation rate increases with higher relative humidity, as can
be seen from the diﬀerence in intensity of the typical α form peaks at 7.8, 13.6,
15.2 and 15.6◦. Above the deliquescence point of DMU the transformation rate
of γ-PZA with DMU is higher than without DMU. These PZA-DMU samples
were clearly more wet due to water uptake by DMU than the pure PZA sam-
ples, probably leading to a solvent-mediated phase transition. Storage under
ambient conditions or at low relative humidity did not induce a transition of γ-
PZA-DMU, during a storage period of two months. Another PZA-DMU sample
described earlier by some of the authors192 was stored for more than three years
under ambient conditions in a closed transparent vial without transforming.
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Figure 9.6: PXRD patterns of PZA-DMU after spray drying (day 0) and after
storage for 5-7 days under diﬀerent RH. During storage at ambient conditions or low
relative humidity, no phase transition is observed.
From this we conﬁrm that DMU extends the lifetime of the high temperature
γ form of PZA for co-spray-dried samples. At a high RH, the polymorphic
transformation of γ-PZA is not inhibited due to the hygroscopic character of
DMU, which quickly becomes deliquescent under these conditions. DMU acts
as a polymorphic transition retardant of γ-PZA, but only in the solid state and
below 75% RH at RT.
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9.3.3 Interaction between PZA and DMU
To further look into the nature of the interaction between γ-PZA and DMU-I we
will distinguish three cases; co-spray-dried samples where DMU and PZA were
mixed during spray drying, i.e. during the nucleation-and-growth phase, and
two cases of sublimation-grown γ-PZA for which the relatively large crystals are
ball milled to reduce the crystal size to sizes more comparable to the spray-dried
samples. In one case of ball milling, γ-PZA and DMU-I are ball milled together,
which is a highly energetic event. In the other case, γ-PZA and DMU-I are ball
milled separately and then physically mixed, which allows for less interaction
between PZA and DMU. Therefore, the amount of interaction between γ-PZA
and DMU-I decreases from spray-dried to co-ball-milled to physically mixed.
The spray-dried PZA-DMU samples with diﬀerent compositions were mea-
sured using SEM after storage for several weeks under ambient conditions.
They showed that the morphology appears to change with composition, from
faceted elongated blocks or plates for PZA-DMU 90-10 (Figure 9.7a) to a mix-
ture of small (DMU) and large (γ-PZA) crystals for PZA-DMU 70-30 (Figure
9.7b) to irregularly shaped crystals for PZA-DMU 50-50 (Figure 9.7c). All
samples were conﬁrmed with PXRD to consist of only γ-PZA and DMU-I.
There was no notable diﬀerence in the SEM images between samples measured
directly after spray drying and after storage for several weeks. No large PZA
crystals of low temperature forms appear in the presence of DMU. We believe
the phase transition inhibition by DMU is caused either by inhibiting the nu-
cleation of low temperature polymorphic forms of PZA, or by inhibiting the
evaporation of γ-PZA. To exclude the possible inﬂuence of growing crystals
from a solution of both compounds, which is the case for spray drying, γ-PZA
and DMU-I were separately crystallised and subsequently ball milled, either
together or independently.
Sublimation growth of PZA typically yielded single crystals of γ-PZA of
typically 300-500 μm in size. Several single crystals produced using a home-
built sublimation set-up were measured after 15 months of storage under am-
bient conditions using SCXRD. Unit cell determinations at room temperature
showed these crystals were still the γ form of PZA, implying that single crystals
grown by sublimation have a much longer lifetime of the γ form than spray-
dried powders, due to the crystallite size and lack of defects. After sublimation
growth, the single crystals were ground to smaller crystallites using manual
grinding or ball milling to speed up the transformation to the low temperature
forms of PZA. However, reducing the size of pure γ-PZA crystals to 50-300 μm
by means of manual grinding does not accelerate the phase transition to the
low temperature polymorphs suﬃciently, since no transformation was observed
within three months. Therefore, the eﬀect of DMU on inhibiting the already
slow phase transition of PZA was not investigated for these crystals.
High-energy ball milling can induce the γ → α phase transition of PZA,
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(a) (b)
(c)
Figure 9.7: SEM images of three spray-dried PZA-DMU samples stored for the
period of time in between brackets with the following compositions (a) 90-10 (15
days), (b) 70-30 (9 days), (c) 50-50 (42 days).
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as was shown by Cherukuvada et al.194 We optimised our ball milling proce-
dure to achieve a phase transition within a few days after the ball milling. The
procedure entailed ﬁve times 2 min of milling at 30 Hz with 1 min breaks in be-
tween, during which the samples were shaken manually for homogeneity. This
procedure resulted in γ-PZA crystallites with a size of approximately 50 nm,
as was determined from PXRD powder patterns using Rietveld reﬁnement,
which start to transform to α-PZA within two days. Directly after ball milling,
PXRD indicates a signiﬁcant amount of amorphous material, see Figure 9.8.
The γ → α transformation was almost complete after ﬁve days. The powder
patterns of PZA directly after ball-milling compared to the pattern after ﬁve
days, shown in Figure 9.8, reveal that the peaks become narrower and the back-
ground is lower. This indicates the crystallite size increases to 10 μm and the
sample becomes less amorphous. This is visualised in the SEM images in Fig-
ure 9.9a directly after ball milling, where many small crystallites are clustered
together in a large particle, and Figure 9.9b after four days, where well-faceted
crystallites of α-PZA are formed. The shape and relatively large size of the new
crystals indicate a relatively slow and controlled recrystallisation process took
place, similar to spray-dried PZA. Thus again a vapour-mediated phase tran-
sition appears the most likely mechanism, and the results of the ball-milled
samples and the spray-dried samples can be directly compared. Amorphous
material has a higher vapour pressure than the corresponding crystallized ma-
terial. This, combined with the relatively small size and high defect density
of the high-energy ball-milled samples will lead to an increase in transition
rate for the vapour-mediated mechanism, and possibly also solid-solid phase
transitions for the defected crystallites.
To study the eﬀect of DMU for the ball-milled samples, either before or
after ball milling 10 mass% of DMU was added to some samples, to see whether
the interaction during the co-ball-milling is essential for the lifetime-extending
eﬀect or that only physical mixing of separately ball-milled PZA and DMU
is enough. Co-ball milling of PZA and DMU resulted in a lifetime of γ-PZA
of one to two months, but after that the samples transformed to α and/or δ-
PZA. Separate ball milling and subsequent physical mixing by manual shaking
resulted only in temporary lifetime extension of several days to two weeks.
Thus, ball-milling with DMU is much less eﬀective in extending the lifetime of
the high temperature form of PZA than co-spray drying with DMU. Moreover,
DMU inﬂuences the morphology of PZA in spray drying experiments; more
DMU results in smaller, less well-faceted crystallites, as was shown in Figure
9.7. Therefore, we conclude that there is a surface interaction between PZA and
DMU that hampers the growth of γ-PZA during spray drying and also slows
down the kinetics of the γ-PZA phase transition to the low temperature forms.
This interaction is decreasingly eﬀective for delaying the phase transition in co-
spray drying, co-ball milling and separate ball milling. This surface interaction
probably reduces the vapour pressure of γ-PZA such that the vapour-mediated
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Figure 9.8: PXRD of ball-milled γ-PZA sublimation growth crystals, directly after
ball milling and after ﬁve days of storage.
(a) (b)
Figure 9.9: SEM images of ball-milled γ-PZA sublimation growth crystals, (a)
directly after ball milling small crystallites of 50 nm are clustered together, and (b)
after four days α-PZA crystals of 10 μm are formed.
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phase transition is delayed or even inhibited. Another possibility is inhibition
of the nucleation of the other polymorphic forms, by blocking the formation
of PZA dimers, which are the building blocks of those three forms of PZA. In
order to determine the nature of the lifetime-extending eﬀect, the interaction
between PZA and DMU should be studied on a molecular scale, e.g. using
computational modelling and surface techniques.
9.4 Conclusion
The pharmaceutical compound pyrazinamide (PZA) has high energy barriers
for the solid-state phase transitions between the high temperature γ form and
the three low temperature polymorphic forms, and vice versa. This is due to
the diﬀerence between the orientation of one out of two neighbouring molecules
in head-to-tail chains vs. head-to-head dimers, respectively. Therefore, the
phase transition is kinetically hindered in both directions. This work shows
that the vapour pressure of the high temperature γ polymorph of PZA is high
enough for a vapour-mediated phase transition mechanism to be dominant
at room temperature for the γ → α/β/δ transition in spray-dried and ball-
milled samples with a large surface area. For the reverse α/β/δ → γ phase
transformation, which occurs at relatively high temperatures, a nucleation-and-
growth solid-solid phase transition mechanism is dominant. This mechanism
is orders of magnitude faster than the vapour-mediated mechanism. Possibly,
the vapour pressure of the γ-form is higher than that of the other forms, due
to the lack of dimers in the crystal structure of γ-PZA. The lifetime of the high
temperature γ-form of PZA can be greatly extended up to several years at room
temperature by the addition of DMU during spray drying. Co-spray drying of
PZA with DMU is more eﬀective in extending the lifetime of γ-PZA than (co-
)ball milling, probably due to a better mixing of the two compounds. For
relative humidity values above the deliquescence point of DMU, its lifetime-
extending eﬀect on γ-PZA disappears. The inhibiting eﬀect of DMU seems
very speciﬁc and all the other urea derivatives tested so far do not have this
property. Although it is not possible at this stage of the study to rule out
that there might be some minor degree of incorporation of DMU, we believe
that the surface interaction between PZA and DMU slows down the kinetics
of the vapour-mediated γ-PZA phase transition, most likely by preventing the
evaporation of γ-PZA. Alternatively, DMU might prevent the nucleation of the
low temperature forms of PZA.
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9.5 Supporting Information
Binary phase diagram and Tammann plot of γ-PZA and DMU-I
Figure 9.10: Schematic metastable binary phase diagram of γ-PZA and DMU-I as
a function of the mass-% of γ-PZA shown in black, and the corresponding Tammann
plot shown in red. Reprinted from Ref.200
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Chapter 10
On the mechanism of solid-state phase
transitions in molecular crystals –
The role of cooperative motion in
(quasi)racemic linear amino acids
In recent years, phase transitions in molecular crystals have received an in-
creased attention. Although an extensive literature on phase transitions in in-
organic materials exists, it is not clear how this translates to molecular crystals.
Especially, the role of cooperative motion is heavily debated. In this context,
this work reviews the ﬁndings on solid-state phase transitions in racemic and
quasiracemic linear amino acids. Literature data is compared with new phase
transition characteristics of (quasi)racemates with longer aliphatic chains. Sev-
eral types of phase transition with diﬀerent characteristics can be distinguished
in this family of related compounds. The trends in solid-state phase transitions
show that a large entropy change is strongly related to a conformational change
toward the hydrophilic part of the molecule with a larger impact on the crystal
structure. The hysteresis is inversely related to the conformational change, due
to the higher driving force for large entropy changes. Several compounds show
clear indications of thermosalient behaviour – ‘jumping’ crystals –, which is a
result of cooperative motion within the 2D hydrogen-bonded network. Coop-
erative motion on a limited length scale is shown to be compatible with the
nucleation-and-growth theory for the mechanism of solid-state phase transitions
of molecular crystals.
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10.1 Introduction
Polymorphism is the ability of a compound to exist in more than one crys-
tal structure, which is a very common phenomenon.1 This results in diﬀerent
physico-chemical properties, such as colour, melting point, solubility and disso-
lution rate. Polymorphic compounds can exhibit solid-state phase transitions,
where a polymorphic form transforms to a more stable form. By understand-
ing the mechanism of solid-state phase transitions, strategies can be developed
to control the polymorphic form obtained. This is particularly important in
the pharmaceutical industry, since the dissolution rate and formal approval of
pharmaceuticals is often linked to a speciﬁc polymorphic form. Polymorphic
control is also relevant for other industries, such as the food and agrochemical
industry.
Recently, the area of phase transitions in molecular crystals has gained
a renewed interest, especially the phenomenon of ‘jumping’ crystals. Ther-
mosalient ‘jumping’ crystals exhibit thermally induced single-crystal-to-single-
crystal (SCSC) phase transitions that induce jumping or leaping of the crys-
tals.7 They belong to the larger class of dynamic crystals; crystalline materials
that respond to external stimuli – e.g. exposure to light, pressure, or tempera-
ture – with mechanical motion such as translation, rotation, jumping, bending
and twisting, which can be applied in switchable smart materials.66 Solid-state
phase transitions in thermosalient crystals typically involve an anisotropic ex-
pansion in one direction of the lattice and a shrinkage along one of the other
crystallographic axes. The understanding of solid-to-solid polymorphic tran-
sitions in molecular crystals is however still in its infancy. An extensive liter-
ature exists on phase transitions in inorganic crystals, or crystals with much
less molecular complexity. It is not evident how the classiﬁcation and phase
transition mechanism in these materials translate to molecular crystals, with
weaker interactions and more steric hindrance.43,65,209
Solid-state phase transitions have been classiﬁed based on thermodynam-
ics by Ehrenfest into ﬁrst-order and second-order phase transitions, indicating
whether the ﬁrst or second order derivative of the Gibbs free energy shows a
discontinuity.44 The Landau theory of phase transitions is based on the descrip-
tion of the Gibbs free energy as a power series in the order parameter. This
order parameter can in principle be used to pin down the order of phase transi-
tions.46 In the more recent and general Fischer classiﬁcation, phase transitions
are divided into ﬁrst-order phase transitions and continuous phase transitions
of higher order.50 Other classiﬁcations are mostly based on the structural dif-
ferences between two polymorphic forms, e.g. the structural classiﬁcation of
Buerger.52
In the 1970s and subsequent decades, Mnyukh et al. strongly criticised
the existing classiﬁcations of solid-state phase transitions, and stated that all
solid-state phase transitions proceed through a nucleation-and-growth mecha-
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nism and therefore only ﬁrst-order phase transitions exist.9,60–62 According to
Mnyukh,9 many phase transitions previously classiﬁed as second-order have
been proven over the years to be ﬁrst-order, and no well-proven second-order
phase transition has been found. The nucleation-and-growth mechanism
involves layer-by-layer edgewise growth, which is described by Mnyukh as
probably occurring through molecule-by-molecule structural rearrangement.
Mnyukh excludes the possibility of 2D or 3D cooperative motion, because
he links this intimately to second-order or continuous phase transitions. In
the literature on phase transitions in molecular crystals the term ‘cooperative
motion’ or ‘concerted motion’ is frequently used without specifying its length
scale. Here, we use these terms for the simultaneous movement of multiple
neighbouring molecules, on a length scale of tens to a few hundreds of
molecules. This is diﬀerent from cooperative motion in second-order phase
transitions with an inﬁnite correlation length, which was referred to by
Mnyukh.9
In a review paper by Herbstein, Mnyukh’s theory is recognised as the most
likely mechanism for solid-state phase transitions, but it is viewed as a macro-
scopic description that cannot explain all complexities, especially in molecular
crystals.65 Brandel et al. summarised the concepts developed over the last
two decades for complex eﬀects found in molecular crystals that are not well
accounted for; “cooperativity, packing frustration, concerted movements, mi-
crostructure and mosaicity, modulated structures, zip-like mechanisms, anoma-
lous thermal expansion, lattice strains, internal molecular motions, mesoscopic
eﬀects, etc.”43
In the literature on thermosalient crystals and martensitic transformations,
cooperativity is often judged from the initial and ﬁnal crystal structures, but
seldom observed. Moreover, as mentioned before, the length and also time scale
of cooperative motion is not deﬁned. Usually, phase transitions of molecular
thermosalient crystals are also characterised as ‘martensitic’ as a synonym for
involving cooperative motion, but these notions are not simply interchangeable.
A martensitic transformation is described as a diﬀusionless displacive phase
transition in metals, alloys or ceramics, which occurs very fast – in theory up
to the velocity of sound – via cooperative movements of large numbers of atoms
over small distances at a coherent, glissile interface. Characteristic for marten-
sitic transformations is that the shape change induced by the displacement is
relatively large and dominated by shear, so that strain energy dominates the
kinetics.54,55 According to a review by Roitburd and Kurdjumov, a martensitic
transformation is a ﬁrst-order phase transition that “proceeds under conditions
where the initial phase maintains metastability”, in other words, shows large
hysteresis and/or spread in transition temperature.56 This review explained
the theory behind the structural changes and kinetics of martensitic transfor-
mations in great detail, but also acknowledged that the principle behind it is
nucleation-and-growth theory. Since the use of the term ‘martensitic transfor-
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mation’ for molecular crystals appears to raise ambiguity in the literature, we
try to avoid the term in this context.
In the present work we compare the solid-state phase transitions in sev-
eral linear chain aliphatic amino acids, see Figure 10.1; the racemates dl-2-
aminobutyric acid (dl-Abu), dl-norvaline (dl-Nva), dl-norleucine (dl-Nle),
dl-2-aminoheptanoic acid (dl-Hep), dl-2-aminooctanoic acid (dl-Oct) and
dl-methionine (dl-Met) and their mutual quasiracemates. These amino acids
show similarities with one of the classes of thermosalient materials, namely class
III with “ strong intermolecular interactions that may lead to inﬁnite hydrogen
bonded tapes or chains”,67 since the crystal structures consist of 2D layers of
strongly hydrogen bonded molecules. For this comparison of amino acids we
veriﬁed or improved literature values of phase transition characteristics, such
as the transition temperature, enthalpy and entropy. Additionally, the new
crystal structures and phase transition characteristics of Chapter 8 were in-
cluded. We aim to show that nucleation-and-growth theory and cooperative
motion are both compatible with our results and not mutually exclusive. This
is done by ﬁrst classifying the phase transitions into several groups, based on
the changes in the crystal structures involved, and then comparing the transi-
tion enthalpy, transition entropy and hysteresis. Moreover, several phenomena
that have been observed in experimental and computational studies of these
materials are shown to support our view.
NH2
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OH
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OH
NH2
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O
OH
NH2
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O
OH
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Figure 10.1: The molecular structure of the amino acids studied; (a) 2-aminobutyric
acid, (b) norvaline, (c) norleucine, (d) 2-aminoheptanoic acid, (e) 2-aminooctanoic
acid and (f) methionine.
10.1.1 Racemates
In the crystal structures of the enantiotropically related polymorphic forms
of the linear amino acid racemates described here,87,118,122,127,129,139,154,210,211
the molecules are arranged in bilayers that are interconnected through rela-
tively strong hydrogen bonds between the zwitterionic amino and carboxylic
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acid groups. Much weaker Van der Waals interactions exist between these
bilayers and for most cases the polymorphic transitions involve relative shifts
between these bilayers, in some cases accompanied by a conformational change.
All polymorphic forms of the (quasi)racemates described here consist of a 2D
hydrogen bonding pattern within a single sheet, either ld or l1.77 In the ld
pattern, both enantiomers are present in a single sheet, while in the l1 pattern
only one enantiomer is present. These sheets always occur in pairs within the
crystal structure, forming a bilayer system. Therefore, two bilayer hydrogen
bonding patterns can be distinguished for these racemates and quasiracemates
of amino acids; the l1–d1 pattern in which one enantiomer (l) constitutes one
layer of the bilayer and the other (quasi)enantiomer (d) constitutes the second
layer of the bilayer, and the ld–ld pattern in which both (quasi)enantiomers
(l and d) are present in each separate layer, see Figure 10.2. In both cases, the
aliphatic chains point outwards from the bilayers, see Figure 10.3. The ld–ld
pattern occurs in all linear racemates and most of the quasiracemates described
here. The alternative hydrogen bonding pattern l1–d1 is common in branched
amino acid racemates,77 and is observed in one linear quasiracemate.172 Typ-
ically, the linear racemic amino acids crystallise in one of the space groups
P21/c or C2/c, with some exceptions, see Figure 10.5.
(a) (b)
Figure 10.2: The two most common hydrogen bonding patterns (indicated in light
blue) within a bilayer of (quasi)racemic amino acids; ld–ld (left) and l1–d1 (right),
d molecules are shown in blue and l molecules are shown in yellow.
The single-crystal-to-single-crystal (SCSC) phase transitions of the race-
mates can roughly be subdivided into two types. The ﬁrst type involves only
a shift or slide at the interface of the bilayers and parallel to the plane of the
bilayers (see Figure 10.4), where the direction and distance of the shift varies
for the phase transitions. The associated enthalpy and entropy changes are
very small, and the hysteresis is usually quite large. The second type involves
both a conformational change of the molecules and a slide at the bilayer inter-
face. In this case, the conformational change can vary from only a change in
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Figure 10.3: Schematic drawing of the typical crystal structure of the racemic
aliphatic linear chain amino acids.
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the last torsion angle of the aliphatic chain, to changes in all torsion angles, or
even disorder in the conformations. Disorder especially occurs in the smaller
molecules (dl-Abu forms A and D, and dl-Nva forms α and β) or in the high
temperature polymorphic forms (dl-Hep form V). The enthalpy and entropy
changes depend on the extent of the conformational change and the disorder.
The enantiotropically related polymorphic forms of the linear amino acid race-
mates are shown in Figure 10.5; we will address some notable characteristics
below.
Figure 10.4: Schematic drawing of the typical bilayer displacement during the solid-
state phase transitions in aliphatic linear chain amino acids.
Figure 10.5: Schematic drawing of the enantiotropically related polymorphic forms
of linear amino acid racemates and their stability temperature interval; space group
symmetries are indicated.
dl-Abu (dl-2-aminobutanoic acid, C4H9NO2) has four known polymorphic
forms, of which the three monoclinic forms (C, A and D) are enantiotropically
related and therefore shown in Figure 10.5.118 For A ↔ D the thermodynamic
transition temperature can only be estimated, since the hysteresis of this phase
transition is more than 40 K. According to the structure reﬁnements of Gørb-
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itz et al., the low and high temperature forms – C and D, respectively – both
consist of two phases with diﬀerent space groups (C2/c and B21/c), simultane-
ously present.118 Only minor bilayer shifts occur for C/D(B21/c) ↔ A, while
a large bilayer shift occurs for C/D(C2/c) ↔ A. Therefore, the B21/c forms of
polymorphs C and D are considered an intermediate for the conversion to the
C2/c forms.
dl-Nva (dl-2-aminopentanoic acid, C5H11NO2) has three enantiotropically
related polymorphic forms.122 It has not yet been possible to determine the
structure of the low temperature form X accurately, because crystals delami-
nate irreversibly during the α → X transition.122 An extensive solid-state NMR
(SSNMR) study by Ren et al. showed two extra peaks for each carbon atom
below 155 K, in addition to the peaks of the α form.121 Although the crystal
structures indicate severe disorder in the conformations of the molecules, the α
and β forms both only contain one set of peaks each, which indicates the dis-
order is averaged out during the NMR measurements. The authors concluded
form X is either a mixture of two polymorphic forms or one polymorph with
Z ′ = 2.121 Gørbitz et al. suggested form X to be an ordered structure, with
the same conformations as present in the α form, possibly with a shift in the
bilayer stacking similar to other linear amino acids.122 We will come back to
form X of dl-Nva further on.
The β forms of dl-Nle (dl-2-aminohexanoic acid, C6H13NO2) and dl-Met
(dl-2-amino-4-(methylthio)-butanoic acid, C5H11NO2S) are isostructural, since
both the conformations of the molecules and the stacking of the bilayers are very
similar. dl-Hep (dl-2-aminoheptanoic acid, C7H15NO2) has as many as ﬁve
enantiotropically related polymorphic forms.210 The low temperature forms I
and II both have a high Z ′ due to diﬀerent conformations of the molecules in the
asymmetric unit, Z ′ = 6 and Z ′ = 8, respectively. Xynogalas et al. investigated
the phase transition temperature as function of the amount of carbon atoms
in linear racemic amino acids using DSC, for even numbers 6 to 20 of carbon
atoms.211 Overall, the observed transition temperature increases and reaches
a plateau, while the transition enthalpy keeps increasing as a function of the
number of carbon atoms. The polymorphism of dl-Oct (dl-2-aminooctanoic
acid, C8H17NO2) and the crystal structure of the low temperature form I are
brieﬂy described in Chapter 8. At 436 K, a phase transition occurs to a high
temperature form, but the full crystal structure of dl-Oct form II was not
determined due to a lack of suﬃcient quality above this temperature. The
crystal structures of the longer chain amino acids have not yet been determined.
10.1.2 Quasiracemates
A quasiracemate is a 1:1 mixture of two very similar compounds of opposite
chirality in a co-crystal. Often, the crystal structure is similar to the true
racemates of the individual components. Gørbitz and co-workers have solved
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the structures of many quasiracemates of hydrophobic amino acids, see Refs.
130,182 and references therein. Indeed, many of the crystal structures resem-
ble the linear chain racemates having the ld–ld hydrogen bonding pattern,
except for the quasiracemate d-Nle:l-Abu that has the l1–d1 pattern (see Fig-
ure 10.2) and shows no solid-state phase transitions. Amongst the branched
aliphatic chain amino acid (quasi)racemates, the l1–d1 pattern is more com-
mon.77 Table 10.1 shows the number of enantiotropically related polymorphic
forms found for linear aliphatic amino acid quasiracemates. In Chapter 8, the
racemate dl-Oct and several new quasiracemates containing Hep and Oct are
described for the ﬁrst time, their numbers are shown in boldface. For the quasi-
racemate d-Nle:l-Abu with an l1–d1 hydrogen bonding pattern the number is
shown in red, most of the other quasiracemates have been shown to crystallise
in an ld–ld pattern or the crystal structures have not yet been determined.
Table 10.1: Overview of the number of enantiotropically related polymorphic forms of linear
aliphatic amino acid quasiracemates. For the new (quasi)racemates described in Chapter 8
the number is shown in boldface, for quasiracemates with an l1–d1 hydrogen bonding pattern
the number is shown in red.
l-Abu l-Nva l-Nle l-Hep l-Oct l-Met
d-Abu 3 2 1 2 3 2
d-Nva 2 3 3 2 2 3
d-Nle 1 3 3 3 2 4
d-Hep 2 2 3 5 2 3
d-Oct 3 2 2 2 2 3
d-Met 2 3 4 3 3 2
The SCSC phase transitions in some of the quasiracemates were investigated
in detail, and it was found that two types of phase transition occur.130 The
ﬁrst type is a phase transition involving only the slide of bilayers, and the
second type is a disordering transition that involves conformational changes
in the molecules. For the bilayer slide, the phase transitions consist of two
consecutive steps: every second bilayer interface slides in the ﬁrst step, forming
an intermediate structure, while in the second step – at a slightly higher or lower
temperature – the other interfaces slide. During the bilayer slide transitions,
the conformation of the molecules remains similar. The associated enthalpy
and entropy changes are relatively small. The disordering transitions can be
gradual (‘continuous’) or discontinuous, the latter involving a relatively large
enthalpy and entropy change.
10.2 Experimental
10.2.1 Materials and crystallisation
d-2-aminobutyric acid, d-norvaline, d-norleucine, l-2-aminoheptanoic acid,
d-2-amino-octanoic acid, l-2-aminooctanoic acid, d-methionine, dl-2-
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aminobutyric acid, dl-norvaline, dl-norleucine, dl-2-aminoheptanoic acid,
dl-2-amino-octanoic acid, and dl-methionine were purchased from Sigma
Aldrich and used without further puriﬁcation. The racemic amino acids men-
tioned here were recrystallised by solvent evaporation of an aqueous solution
or hanging drop crystallisation as described in Ref.,139 and subsequently mea-
sured using diﬀerential scanning calorimetry (DSC). Liquid-assisted grinding
(LAG) was performed on a Retsch Mixer Mill MM 400 at 30 Hz to form
co-crystals for the following quasiracemates in a 1:1 molar ratio (100mg in
total); d-Abu:l-Nva, d-Abu:l-Hep, d-Nva:l-Hep, d-Nle:l-Hep, d-Met:l-Hep,
d-Oct:l-Hep, d-Abu:l-Oct, d-Nva:l-Oct, d-Nle:l-Oct, and d-Met:l-Oct. The
samples were ground in a 2.0 mL Eppendorf SafeLock microcentrifuge tube
with a 0.9 mm ball for 25 min using 10 μL ethanol, and a second time for
25 min after adding another 10 μL ethanol, and subsequently measured using
DSC.
10.2.2 Diﬀerential scanning calorimetry
DSC measurements were performed using a Mettler Toledo DSC1 calorimeter
with a high sensitivity sensor (HSS8), in combination with LN2 liquid nitrogen
cooling, a sample robot and STARe software 13.00a. Powder samples of the
racemates and the ball-milled quasiracemates were cooled and subsequently
heated in repeated cycles at a rate of 2Kmin−1 in the temperature range of
123 to 473 K. Samples of a few milligrams were sealed in an aluminium pan
(40 μL) and the heat ﬂow was measured compared to an empty reference pan
as a function of temperature. The DSC was calibrated with the melting points
of indium (Ton = 429.5 K and ΔfusH =−28.13 J g−1) and zinc (Ton = 692.85 K
and ΔfusH =−104.77 J g−1), both supplied by Mettler Toledo.
10.2.3 Thermal stage polarisation microscopy
Single crystals were studied under a nitrogen atmosphere in a Linkam LTS420
thermal stage. The thermal stage was coupled to a Zeiss Axioplan 2 Imaging
polarisation microscope to observe the phase transitions in situ. The micro-
scope images were recorded with a MediaCybernetics Evolution VF digital
camera. The temperature range varied between 113 and 433 K, using heating
rates between 1 and 10Kmin−1.
10.3 Solid-state phase transitions in racemates and quasi-
racemates
10.3.1 Driving force
For the interpretation of the diﬀerences between the solid-state phase transi-
tion characteristics of the various amino acids, we extrapolate some concepts
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of thermodynamics for polymorphic forms to metastable conditions close to a
phase transition. First of all, at the transition temperature Ttrs both polymor-
phic forms have equal Gibbs free energy, therefore
ΔtrsG = ΔtrsH − TtrsΔtrsS = 0, (10.1)
where the equilibrium phase transition parameters are labelled trs; ΔtrsG is the
driving force of the phase transition, ΔtrsH is the transition enthalpy, Ttrs is
the transition temperature and ΔtrsS the transition entropy. At a temperature
above or below Ttrs, the driving force for a phase transition is in good approx-
imation proportional to the temperature diﬀerence ΔT = T ′ − Ttrs for T ′ close
to Ttrs, according to
ΔtrsG = ΔtrsH − T ′ΔtrsS
≈ ΔtrsH − T ′ ΔtrsH
Ttrs
= ΔtrsH
(
Ttrs − T ′
Ttrs
)
= −ΔtrsH
(
ΔT
Ttrs
)
(10.2)
= −ΔtrsSΔT , (10.3)
Therefore, a phase transition with a larger transition entropy requires less over-
heating or -cooling, for the same driving force. Consequently, the hysteresis will
generally be smaller for phase transitions with a higher transition entropy, as
compared to phase transitions of lower transition entropy that require a simi-
lar reorganisation of molecules. Classical nucleation theory (CNT) also implies
that the energy barrier for nucleation of a new phase during a phase transition
is expected to decrease when the driving force is larger, which would decrease
the hysteresis.63,64 In this work, the possibility of a universal driving force for
these phase transitions is investigated, by comparing the hysteresis – a measure
for ΔT – and the transition enthalpy and entropy for all (quasi)racemates.
10.3.2 Phase transition characteristics
The racemic amino acids with a linear aliphatic chain ranging from four to eight
carbon atoms – dl-Abu, dl-Nva, dl-Nle, dl-Hep and dl-Oct – and the related
amino acid dl-Met all have two or more enantiotropically related polymorphic
forms and exhibit reversible solid-state phase transitions, see Refs. 87,118,122,
139,154,210 and references therein. The same holds for all quasiracemates that
consist of two of the before-mentioned linear amino acids with a mutual chain
length (n) diﬀerence of only one C-atom (Δn = 1), see Chapter 8 and Refs.
130,182,184. An overview of the crystal structures and phase transitions of dl-
Oct and several new quasiracemates with Hep and Oct with a larger diﬀerence
in the mutual chain length (Δn) of the enantiomers is given in Chapter 8.
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The solid-state phase transition characteristics of these racemic and quasi-
racemic amino acids such as the estimated transition temperature, hysteresis
(2ΔT ), transition volume changes, transition enthalpy, calculated transition en-
tropy (ΔtrsS = ΔtrsH/Ttrs) and calculated driving force (ΔtrsG = ΔtrsSΔT )
have been determined using DSC and/or literature values130,182 and are shown
in Figures 10.6 and 10.7. The racemic amino acids dl-Abu, dl-Nva, dl-Nle,
dl-Hep and dl-Oct were recrystallised and measured using DSC, the values
obtained and used here were comparable to literature values. The follow-
ing quasiracemates were obtained using liquid-assisted grinding (LAG) and
subsequently measured using DSC; d-Abu:l-Nva, d-Abu:l-Hep, d-Nva:l-Hep,
d-Nle:l-Hep, d-Met:l-Hep, d-Oct:l-Hep, d-Abu:l-Oct, d-Nva:l-Oct, d-Nle:l-
Oct, and d-Met:l-Oct. For the other quasiracemates with solid-state phase
transitions, d-Abu:l-Met, d-Nva:l-Nle, d-Nva:l-Met, and d-Met:l-Nle the val-
ues were taken from literature.130,182 Figure 10.6a not only contains the tran-
sition temperatures of the before-mentioned amino acids, but also some values
for longer chain racemic amino acids obtained from Ref. 211, for which the
crystal structures have not been determined. The hysteresis in the observed
transition temperatures is indicated by the length of the error bars in Figure
10.6a and is shown in Figure 10.6b. Since all phase transitions described here
involve enthalpy and entropy changes, and hysteresis, they are ﬁrst-order.
Four categories of solid-state phase transition are distinguished using dif-
ferent symbols and colours. The ﬁrst category (black triangle) concerns phase
transitions that do not involve any conformational change of the molecules,
but only relative displacements of bilayers. Phase transitions of the second
category (green triangle) involve a relative displacement of bilayers and a con-
formational change in only the last torsion angle of the molecule, i.e. at the
end of the aliphatic chain where the bilayers interact through weak Van der
Waals interactions. In the third category (orange triangle), the phase transi-
tion involves a relative displacement of bilayers and a conformational change in
any other torsion angle of the molecule. The fourth category (blue circle) con-
tains phase transitions that should fall in one of the other three categories, but
are not well-characterised, because the crystal structure of at least one of the
polymorphic forms has not yet been determined. This is e.g. the case for the
low temperature form of dl-Nva, which has been reported to delaminate and
be damaged so severely during the phase transition that it becomes impossible
to determine its crystal structure.122 However, by comparing the transition en-
thalpies and entropies to the values of the other three categories, an educated
guess can be made about the type of the unknown phase transitions, which is
described further on.
Figures 10.7a and 10.7b show that the enthalpy and entropy changes are
generally largest for the phase transitions involving a conformational change
more towards the hydrophilic part of the molecule, which has a larger impact
on the crystal structure, i.e. orange > green > black. The entropy shows a
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Figure 10.6: Characteristics of the solid-state phase transitions of linear aliphatic
chain racemic and quasiracemic amino acids; (a) transition temperatures of the race-
mates up to a chain length of twenty carbon atoms, and quasiracemates up to a chain
length of eight carbon atoms, (b) hysteresis and (c) transition volume changes versus
the number of carbon atoms per molecule.
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Figure 10.7: Characteristics of the solid-state phase transitions of linear aliphatic
chain racemic and quasiracemic amino acids; (a) transition enthalpies, (b) transition
entropies and (c) transition Gibbs free energy (driving force) versus the number of
carbon atoms per molecule.
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stronger correlation than the enthalpy, therefore the former can be used best to
distinguish the types of phase transitions. Volume changes (Figure 10.6c) show
no clear trend with the type of phase transition, but shorter (quasi)racemates
appear to have larger (absolute) volume changes, which often coincides with a
change in disorder in the crystal structures.
The hysteresis (Figure 10.6b) is a measure for ΔT in Equation 10.3, and is
used to calculate the driving force (ΔtrsG), which is related to the barrier for
nucleation of the new phase. Figure 10.7c shows that almost all phase tran-
sitions without a conformational change occur at a similar very small driving
force, while the driving force for the phase transitions with a conformational
change is on average larger and has a large spread. Not surprisingly, this im-
plies that the nucleation barrier is on average higher for phase transitions with
a conformational change.
There are a few outliers within the three categories. Firstly, d-Nva:l-Met
has a relatively low transition enthalpy and entropy for the second category.
This phase transition is spread out over a large temperature regime and entails
a gradual increase in disorder of the conformations. Also the phase transition of
d-Abu:l-Nva deviates, since it involves a large hysteresis for the third category.
Another deviating phase transition is the low temperature transition of d-Nle:l-
Hep, which has a relatively large enthalpy and especially entropy change for
a phase transition of the ﬁrst category. This is probably related to the large
volume change during the phase transition, as can be seen in Figure 10.6c.
The unknown low temperature X ↔ α phase transition of dl-Nva at 155 K
has a similar ΔtrsH and ΔtrsS as the second category phase transitions, there-
fore the unknown low temperature form X likely diﬀers only in the last torsion
angle from the α form, or only a part of the molecules change in conformation
in another torsion angle(s). Since the literature indicated the α conformations
might be partly present in form X, it seems likely that the low temperature
form X of dl-Nva is a high Z ′ structure, similar to the low temperature forms I
and II of dl-Hep, with partial preservation of the conformations of the α form.
When comparing the transition enthalpy and entropy of the unknown phase
transition of dl-Oct at 426 K in Figure 10.7, the high values indicate it probably
involves a conformational change in at least one torsion angle, but not only the
last torsion angle, which is consistent with the NMR data described in Chapter
8.
10.3.3 Phase transition mechanism
Thermal microscopy of the racemates indicated that the phase transition mech-
anism in the racemic amino acids occurs through nucleation-and-growth. The
velocity of the propagating front for growth of the new phase depends on the
energy barrier for propagation. According to Mnyukh, this velocity is strongly
dependent on the number of speciﬁc defects – vacancy aggregations (VA) –
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necessary for propagation of the new phase. Typically, a transition front is ex-
pected to propagate through the crystal, following the facets that are also the
slowest growing planes in crystal growth. This is clearly observed in a dl-Nva
crystal using thermal stage polarisation microscopy. Snapshots of the α → β
phase transition during heating are shown in Figure 10.8.
Figure 10.8: Snapshots of the dl-Nva α → β phase transition during heating,
showing the propagation fronts are parallel to the crystal facets.
However, during other phase transitions indications of cooperative motion
are present, e.g. a very fast phase transition in some layers of the crystal, as is
shown in Figure 10.9, movements of a whole crystal, or even ‘jumping’ parts of a
crystal by delamination. This jumping behaviour is most pronounced for phase
transitions with a large transition enthalpy. An example of a thermosalient
‘jumping’ crystal of dl-Nle during the α ↔ γ phase transition is shown in
Figure 10.10. Naumov et al. explain in a review that the combination of
mechanical stress and structural strain build-up due to the lack of defects,
combined with cooperative motion in layers can result in ‘jumping’ crystals,
when the accumulated strain is suddenly released as kinetic energy.7
10.3.4 Discussion
The family of amino acids described in this work shows only ﬁrst-order phase
transitions, but spread over a range of transition enthalpies, depending mainly
on the extent of the structural changes. Phase transitions with a very low
enthalpy of transition, such as the β ↔ α phase transition of dl-Nle, can be
overlooked easily or even wrongly viewed as second-order phase transitions.
A second-order phase transition is quite unlikely for these phase transitions
with displacements of bilayers, since this involves energy barriers as is evident
from the hysteresis. Nevertheless, this raises the question whether and how
to distinguish ﬁrst-order phase transitions with a low transition enthalpy and
similar structures from second-order phase transitions. When the observed
transition enthalpy is lower than the margin of error of the DSC, this will
be the bottleneck in unequivocally determining whether a phase transition is
ﬁrst- or second-order. In the layered crystals of the present study, the phase
transition is sometimes spread out over a large temperature range, because
the layers transform independently, and the critical nucleus for each layer is
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(a)
(b)
Figure 10.9: Thermal stage polarisation microscopy snapshots showing an example
of a fast phase transition in some layers of a crystal; (a) the α → β phase transition of
dl-Nle during cooling and (b) the β → α phase transition of dl-Nle during heating.
The transforming layers are indicated by the arrows. Reprinted from Ref. 139.
(a)
(b)
Figure 10.10: Thermal stage polarisation microscopy snapshots showing an example
of jumping crystals (a) the α → γ phase transition of dl-Nle during heating and (b)
the γ → α phase transition of dl-Nle during cooling. The jumping crystal parts,
which are layers of the crystal, are indicated by the arrows, and result in thickness
variation in the crystal shown as colour variation when observed from this direction.
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reached in a stochastic fashion. This increases the likelihood of not observing
a transition enthalpy, despite the phase transition being ﬁrst-order, because
e.g. in a DSC measurement the transition peak is split up in many very small
peaks.139 Solid-state NMR measurements of these amino acids have shown to
be quite sensitive to small diﬀerences in crystal structures, especially in the
case of the β ↔ α phase transition of dl-Nle.139 Therefore, solid-state NMR
could be used to show that a phase transition is ﬁrst-order if the resolution is
suﬃcient to show co-existence of two phases. However, it will be diﬃcult to
prove a phase transition is second-order using these techniques, since this can
only be assumed as the consequence of the absence of evidence for a ﬁrst-order
phase transition. To some extend, the discussion whether a phase transition is
ﬁrst- or second-order is mainly an academic one, because the diﬀerence between
these types are often insigniﬁcant in real systems.
Another factor that complicates the characterisation of phase transitions
is that the aliphatic chains of the amino acids described here have a large
degree of conformational freedom. Especially at elevated temperatures, the
chains display increased thermal motion or disorder that changes gradually as
a function of temperature. This clouds the line between increased ﬂexibility,
thermal lattice expansion and phase transitions between polymorphic forms. In
the end, a phase transition always involves a change in symmetry. Especially
the gradual changes in disorder in the quasiracemates appear almost to have
the characteristics of a second-order phase transition,130 as was also recently
discussed by Dunitz,209 but the observable transition enthalpy shows that the
phase transitions are ﬁrst-order.
Even though the phase transitions described here are ﬁrst-order and proceed
through nucleation-and-growth, they probably do not occur in a molecule-by-
molecule fashion, as was proposed by Mnyukh,9 but in a cooperative fashion.
Cooperative motion on a small length scale in these systems must not be con-
fused with cooperative motion on an inﬁnite length scale in higher order phase
transitions, as was discussed before. Molecular dynamics simulations of a phase
transition of dl-Nle indicated the possibility of cooperative motion in strongly
anisotropic layered structures.74,114 In that case, the nucleus of the new phase
has a relatively small size of tens to hundreds of molecules, due to the energy
barriers involved. Moreover, the simulations showed that layers transform al-
most independently, which indicates that the 3D nucleus is very anisotropic.
Nevertheless, collective displacement of molecules is possible on this length
scale without breaking the hydrogen bonds between the molecules. To initi-
ate the phase transition, 3D nucleation of the new phase is necessary, which
probably occurs at defects – microcavities according to Mnyukh.9 However, in
case of cooperative motion on a limited length scale we expect that after 3D
nucleation, the subsequent propagation of the new phase within a layer of the
crystal can still be hindered by defects. Naumov et al. also described that
the thermosalient eﬀect is often less pronounced in ground powders compared
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to single crystals, since the strain can be dissipated at defect sites and there-
fore does not suﬃciently accumulate for collective motion.7 Defects thereby
interrupt the collective displacement and slow it down dramatically, as was
also shown experimentally for dl-Nle.139 Nevertheless, cooperative motion can
occur locally, in between defects. In high quality single crystals fast energy
transfer can take place with little dissipation, resulting in evident cooperative
motion. However, the strain build-up a single crystal or crystallite can with-
stand before dissipating is limited. Therefore, the amino acid phase transitions
involving a relatively large change in crystal structure, which generally have a
large transition enthalpy, often delaminate or show cracks and the transition
front propagates relatively slowly. Although the phase transitions without a
conformational change generally have a large hysteresis, once the phase tran-
sition starts it propagates very fast throughout a layer.
10.4 Conclusion and outlook
In this work, we show that we can distinguish several types of phase transi-
tions with diﬀerent characteristics in racemates and quasiracemates of linear
chain amino acids. Generally, the larger the enthalpy and entropy involved, the
smaller the hysteresis, which can be explained by a larger driving force at the
same overheating or -cooling. These phase transitions show clear indications
of thermosalient behaviour as a result of cooperative motion within the 2D
hydrogen-bonded network of molecules, most visible by ‘jumping’ and delam-
inating crystals. This collective motion also requires nucleation-and-growth
of the new phase, and should therefore not be viewed as an alternative to
Mnyukh’s theory on the mechanism of phase transitions, but rather as an ex-
tension.
A co-crystal or quasiracemate can be viewed as a special case with half of the
molecules of a racemate substituted for structurally similar additives. Crystal
engineering or design could e.g. be used to optimise the stability region of a
speciﬁc polymorphic form, or to tune the thermosalient eﬀect to occur at a
desired temperature using quasiracemates. For future research to improve our
understanding of the mechanism of (thermosalient) solid-state phase transitions
on a molecular scale, computational methods such as molecular dynamics and
metadynamics are very promising. Experimental methods are still valuable to
ﬁnd examples of systems that would be suitable for simulations and to verify
the outcomes, but it is challenging if not impossible to fathom the molecular
mechanism based only on experimental work.
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Summary
Polymorphism is the ability of a compound to crystallise in more than one crys-
tal structure. When a polymorphic form of a compound is not the stable form
at a certain temperature and pressure, solid-state phase transitions can occur.
The mechanism of solid-state phase transitions has been under much debate,
but the nucleation-and-growth theory of Mnyukh is mostly accepted by the
community. However, in case the two polymorphic forms involved have similar
crystal structures, there is an ongoing debate if the phase transition mechanism
could involve cooperative motion of molecules. The term ‘cooperative motion’
is used in this work for the simultaneous movement of multiple neighbouring
molecules, on a limited length scale of tens to a few hundreds of molecules. This
is diﬀerent from cooperative motion in second-order phase transitions with an
inﬁnite correlation length. This work describes the study of the solid-state
phase transitions of linear amino acids as a model system for molecular crys-
tals that can involve cooperative motion. These amino acids have similar crys-
tal structures and reversible single-crystal-to-single-crystal phase transitions.
Therefore, this thesis contributes to the understanding of the mechanism of
these solid-state phase transitions on a molecular scale.
This thesis opens with a general introduction in Chapter 1, which introduces
the topic and scope of the thesis. Chapter 2 gives an overview of the theory
on polymorphism and phase transitions, with an emphasis on nucleation-and-
growth theory, cooperative motion in thermosalient crystals, and amino acid
crystals.
The phase transitions of the amino acid dl-norleucine (dl-Nle) are studied
in detail in Chapters 3 and 4. Chapter 3 describes the low temperature β ↔
α phase transition of dl-Nle in a combined computational and experimental
study. It shows that the β and α forms of dl-Nle are nearly identical from
a structural perspective and the same holds for the energies as a function
of temperature. Computational modelling in the form of molecular dynamics
(MD) and nudged elastic band (NEB) calculations suggest the phase transition
is governed by cooperative motion of bilayers. In Chapter 4 both the low
temperature β ↔ α and high temperature α ↔ γ phase transitions of dl-
Nle are studied in detail using DSC, thermal stage polarisation microscopy
and solid-state NMR. Remarkably, single crystals of dl-Nle show much faster
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kinetics than powders for the β ↔ α phase transition, which is attributed
to the inhibitory eﬀect of defects on cooperative motion. This chapter also
shows that traditional methods of polymorph screening might overlook some
solid-state phase transitions similar to the β ↔ α transition in dl-Nle, while
methods such as single crystal DSC and solid-state NMR can be used to reveal
them.
In Chapter 5 the solid-state phase transition of dl-methionine (dl-Met) is
studied in detail. This phase transition is kinetically hindered, and is shown to
be signiﬁcantly faster during heating than during cooling. A large temperature
range with coexistence of the two forms in one crystal is shown by solid-state
NMR. Again, the phase transition is faster in single crystals than in powders,
indicating the important role of defects on the kinetics.
The focus of Chapter 6 is on the ﬁve new enantiotropically related polymor-
phic forms of dl-2-aminoheptanoic acid (dl-Hep) and their solid-state phase
transitions. Two low temperature forms were reﬁned in a high Z ′ crystal struc-
ture, which has not been observed before for linear aliphatic amino acids. All
ﬁve structures consist of the typical 2D hydrogen-bonded bilayers, and the
phase transitions involve shifts of bilayers and/or conformational changes in
the aliphatic chain. Compared to two similar phase transitions of dl-Nle, the
enthalpies of transition and NMR chemical shift diﬀerences are notably smaller
in dl-Hep. This is explained to be a result of both the nature of the confor-
mational changes, and the increased chain length.
In Chapter 7 two new crystal structures and the solid-state phase transition
between them are described for the quasiracemate d-2-aminobutyric acid:l-
norvaline (d-Abu:l-Nva). Quasiracemates of linear amino acids, consisting of
two similar d and l amino acids, generally show crystal structures similar to
the racemates. This is also the case for d-Abu:l-Nva. The room temperature
form II shows two conformations for the l-Nva side chain in a disordered 50/50
occupancy distribution, which can be understood from steric hindrance.
Chapter 8 describes the inﬂuence of the diﬀerence in chain length between
two amino acid enantiomers comprising a quasiracemate, on the crystal struc-
tures and solid-state phase transitions. New quasiracemates have been dis-
covered consisting of aminoheptanoic acid or aminooctanoic acid with a long
linear aliphatic chain, combined with shorter linear chain amino acids. The
quasiracemates with a signiﬁcant chain length diﬀerence between the two enan-
tiomers show diﬀerent stacking patterns of the aliphatic chains and hydrogen
bonding patterns, to reduce steric hindrance.
Chapter 9 describes the phase transitions of the pharmaceutical compound
pyrazinamide (PZA). In this thesis, it is shown that the phase transition from
γ-PZA to the low temperature forms involves a vapour-mediated recrystalli-
sation, while the reverse phase transition upon heating is a nucleation-and-
growth solid-solid phase transition. Moreover, when PZA is co-spray dried
with 1,3-dimethylurea (DMU), it has been reported to remain in its γ form for
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several years. The lifetime-extending eﬀect of DMU on spray-dried PZA has
been investigated in more detail and compared with high-energy ball milling
of sublimation-grown γ-PZA crystals in this thesis. DMU acts as an addi-
tive that most likely stabilises the surface of γ-PZA, which would reduce the
vapour pressure of PZA, thereby reducing the transition rate. Alternatively,
DMU could prevent nucleation of low temperature forms.
This thesis concludes with a ﬁnal Chapter 10 that reviews most of the
ﬁndings in literature and this thesis on phase transitions in linear amino acids,
including new phase transition characteristics of (quasi)racemates with longer
aliphatic chains. Cooperative motion on a limited length scale is shown to
be compatible with the nucleation-and-growth theory for the mechanism of
solid-state phase transitions of molecular crystals.
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Samenvatting
Polymorﬁe is de eigenschap van een materiaal om te kunnen kristalliseren in
meer dan één kristalstructuur. Als een polymorfe vorm van een materiaal niet
de stabiele vorm is bij een bepaalde temperatuur en druk, dan kan er een vaste-
stof faseovergang plaatsvinden. Het mechanisme van vaste-stof faseovergangen
heeft lang ter discussie gestaan, maar de nucleatie-en-groei theorie van Mnyukh
is inmiddels grotendeels geaccepteerd in het vakgebied. Er is echter aanhou-
dende discussie of het mechanisme van de faseovergang coöperatieve beweging
van moleculen kan omvatten als de twee polymorfe vormen een soortgelijke kris-
talstructuur hebben. De term ‘coöperatieve beweging’ wordt in dit proefschrift
gebruikt voor de simultane beweging van meerdere aangrenzende moleculen, op
een beperkte lengteschaal van tien tot honderden moleculen. Dit is anders dan
coöperatieve beweging in tweede-orde faseovergangen met een oneindige corre-
latielengte. Dit werk beschrijft de studie van de vaste-stof faseovergangen van
lineaire aminozuren als een modelsysteem voor moleculaire kristallen waarbij
coöperatieve beweging een rol kan spelen. Deze aminozuren hebben vergelijk-
bare kristalstructuren en reversibele eenkristal-naar-eenkristal faseovergangen.
Dit proefschrift bestudeert het mechanisme van deze vaste-stof faseovergangen
op moleculaire schaal.
Het begint met een algemene introductie in Hoofdstuk 1, die het onder-
werp en kader van het proefschrift kort introduceert. Hoofdstuk 2 omvat een
overzicht van de theorie op het gebied van polymorﬁe en faseovergangen, met
de nadruk op aminozuurkristallen, nucleatie-en-groei theorie en coöperatieve
beweging in ‘springende’ kristallen onder invloed van temperatuur.
De faseovergangen van het aminozuur dl-norleucine (dl-Nle) worden in
detail bestudeerd in Hoofdstuk 3 en 4. Hoofdstuk 3 beschrijft de lage tempe-
ratuur β ↔ α faseovergang van dl-Nle in een gecombineerde modellerings en
experimentele studie. Het laat zien dat de β en α vormen van dl-Nle bijna
identiek zijn vanuit een structureel oogpunt; hetzelfde geldt voor de energie
als functie van de temperatuur. Moleculaire dynamica (MD) en nudged elas-
tic band (NEB) berekeningen suggereren dat de faseovergang gedreven wordt
door coöperatieve bewegingen van bilagen. In Hoofdstuk 4 zijn zowel de lage
temperatuur β ↔ α als de hoge temperatuur α ↔ γ faseovergang in detail
bestudeerd met DSC, thermal stage polarisatiemicroscopie en vaste-stof NMR.
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Het is opmerkelijk dat eenkristallen van dl-Nle veel snellere kinetiek laten zien
dan poeders voor de β ↔ α faseovergang. Dit gedrag wordt toegekend aan
het hinderende eﬀect van defecten op coöperatieve bewegingen. Dit hoofd-
stuk laat ook zien dat traditionele methoden voor polymorf screening sommige
faseovergangen over het hoofd kunnen zien, zoals de β ↔ α faseovergang in dl-
Nle, terwijl methoden zoals eenkristal DSC en vaste-stof NMR kunnen worden
gebruikt om ze te onthullen.
In Hoofdstuk 5 wordt de vaste-stof faseovergang van dl-methionine (dl-
Met) in detail bestudeerd. Deze faseovergang is kinetisch gehinderd en signiﬁ-
cant sneller tijdens opwarmen dan tijdens afkoelen. Met behulp van vaste-stof
NMR is aangetoond dat er een groot temperatuurgebied is met coexistentie
van de twee vormen in één kristal. Wederom is de faseovergang sneller in een-
kristallen dan in poeders, wat de belangrijke rol van de defecten op de kinetiek
bevestigt.
De focus van Hoofdstuk 6 ligt op de vijf nieuwe enantiotropisch gerelateerde
polymorfe vormen van dl-2-aminoheptanoic acid (dl-Hep) en de onderlinge
vaste-stof faseovergangen. Twee lage temperatuur vormen zijn bepaald in een
hoge Z ′ kristalstructuur, wat niet eerder is gevonden voor lineaire alifatische
aminozuren. Alle vijf structuren bestaan uit de typische 2D waterstofbrug-
gebonden bilagen en de faseovergangen omvatten schuiven van bilagen en/of
conformationele veranderingen in de alifatische keten. Vergeleken met twee
soortgelijke faseovergangen van dl-Nle zijn de verschillen in overgangsenthal-
pie en de NMR chemical shift aanzienlijk kleiner in dl-Hep. Dit kan worden
verklaard vanuit zowel de aard van de conformationele veranderingen als de
toegenomen ketenlengte.
In Hoofdstuk 7 worden twee nieuwe kristalstructuren en de vaste-stof fa-
seovergang tussen beide beschreven voor het quasiracemaat d-2-aminobutyric
acid:l-norvaline (d-Abu:l-Nva). Quasiracematen van lineaire aminozuren – die
bestaan uit twee soortgelijke d en l aminozuren – en racematen hebben over
het algemeen een vergelijkbare kristalstructuur. Dit is ook het geval voor d-
Abu:l-Nva. De kamertemperatuur vorm II heeft twee conformaties voor de
l-Nva zijketen in een wanordelijke 50/50 bezetting, wat kan worden begrepen
vanuit de sterische hinder.
Hoofdstuk 8 beschrijft de invloed van de verschillen in ketenlengte tussen
twee aminozuren die samen een quasiracemaat vormen, op de kristalstructuur
en vaste-stof faseovergangen. Er zijn nieuwe quasiracematen gevonden, die
bestaan uit aminoheptaanzuur of aminooctaanzuur met een lange alifatische
keten, gecombineerd met aminozuren met een kortere lineaire keten. De qua-
siracematen met een signiﬁcant verschil in ketenlengte tussen de aminozuren
vertonen verschillende stapelpatronen van de alifatische ketens en waterstof-
brugpatronen, om de sterische hinder te reduceren.
Hoofdstuk 9 beschrijft de faseovergangen van het medicijn pyrazinamide
(PZA). In dit proefschrift wordt aangetoond dat de faseovergang van γ-PZA
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naar de lage-temperatuur vormen verloopt als een herkristallisatie via de damp-
fase, terwijl de omgekeerde faseovergang tijdens opwarmen een nucleatie-en-
groei vaste stof-vaste stof faseovergang is. Daarnaast vermeldt de literatuur
dat als PZA gesproeidroogd wordt met 1,3-dimethylureum (DMU), het ma-
teriaal gedurende enkele jaren stabiel blijft in de γ vorm. Het levensduur-
verlengende eﬀect van DMU op gesproeidroogd PZA is in dit proefschrift in
meer detail onderzocht en vergeleken met hoog-energetisch kogelmalen van
sublimatie-gegroeid γ-PZA kristallen. DMU gedraagt zich als een additief dat
waarschijnlijk het oppervlak van γ-PZA stabiliseert, wat de dampspanning van
PZA zou reduceren, waardoor de overgangssnelheid lager wordt. Een andere
mogelijkheid is dat DMU nucleatie van de lage temperatuur vormen verhindert.
Dit proefschrift eindigt met Hoofdstuk 10 waarin de meeste bevindingen
in de literatuur en dit proefschrift over faseovergangen in lineaire amino-
zuren worden besproken, inclusief nieuwe faseovergang karakteristieken van
(quasi)racematen met langere alifatische ketens. Er wordt aangetoond dat
coöperatieve beweging op een beperkte lengteschaal compatibel is met het
nucleatie-en-groei mechanisme voor vaste-stof faseovergangen in moleculaire
kristallen.
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